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This study focused on the design and synthesis of manganese oxide nanomaterials with nanoarray
architectures. First of all, a straightforward synthetic strategy was discovered to fabricate
manganese oxide nanoarrays on two-dimensional substrates (e.g. Si wafers and conductive FTO
glass). Then, the generic one-pot hydrothermal synthesis route has been successfully utilized to insitu grow uniform manganese oxide nanoarrays onto the cordierite honeycomb monolithic
substrates, forming a series of nanoarray-based monolithic catalysts with different morphology,
surface area, and reactivity of carbon monoxide (CO) oxidation., denoted as HM-DCM, HM-PCR,
and HM-PSF, respectively. Next, copper manganese oxide (CuMn2O4) was combined with the
manganese oxide nanoarray-based monolithic catalysts to enhance reactivity. Nanosheet layers of
CuMn2O4 were uniformly coated onto the manganese oxide nanoarrays (HM-PCR). Compared to
traditional monolithic catalysts with alumina support, the benefit of nanoarray morphology was
demonstrated by correlating the variation of surface area with the reactivity. The incorporation of
cobalt ions promoted the higher surface area and C3H8 conversion as well. Last but not least, a
continuous flow synthesis system was attempted to scale-up the size of manganese oxide
nanoarray-based monolithic catalysts. Overall, the straightforward synthetic processes of
nanoarrays and transition metal oxide coatings show a scalable, low-cost, and template-free
method to fabricate monolithic catalysts for exhaust treatment.
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Chapter 1. Introduction

1.1

Aim of Thesis
Deteriorating air pollution is a long-term issue threatening the atmospheric quality and

human health.1 The rapidly decayed air quality due to the fast growth of human activities and
industrial development urged each government to legislate stricter regulations for emissions
control.2 However, improvements in extracting shale oil and lowering the price of petroleum also
stimulated the daily global consumption of fossil fuels which keeps increasing sharply. The
growing demands of fossil fuel reveals the significance of exhaust treatment to reduce the air
pollution from automobiles and factories.3 This challenges the auto industry to develop more
efficient catalysts for toxic substances from automobile exhaust, one main source of air pollution,
e.g. carbon monoxide (CO), nitrogen oxides (NOx), sulfur oxides (SOx), and hydrocarbons (HC).4
Therefore, state-of-art platinum-group metal (PGM)-based (e.g. Pd, Pt, Rh) catalytic converters
face more difficult challenges for a balance between catalytic efficiency and material cost.5-7
Introducing transition metal oxides (e.g. MnO2, Co3O4, CuO, and CeO2) is a cost-effective
mainstream strategy to improve catalytic converters with enhanced surface area, porosity,
reactivity, and thermal stability.8-11 Perovskite materials also reveal an outstanding conversion of
automobile exhaust and positive synergetic effects with noble metals.12,13
In this thesis, the major study focused on the design and synthesis of manganese oxide
nanomaterials with nanoarray architecture for air purification and exhaust treatment. Compared to
traditional powder based catalysts, the design of nanoarray-based catalysts will provide an open
surface feature for higher dynamic molecular transfer of reacting gas.14,15 A general strategy of
1

synthesizing urchin-like manganese oxide nanoparticles was proposed to form uniform coatings
of manganese oxide nanoarrays on diverse substrates, i.e. silicon wafers, fluorine-doped tin oxide
glass (FTO), carbon foams, and cordierite honeycomb monoliths. To the best of our knowledge,
only a few studies revealed synthetic procedures and applications of manganese oxide nanoarrays
as electrochemical supercapacitors and hydrophobic surface coating.16-18 Gaseous catalytic
oxidations, i.e. carbon monoxide (CO) and propane (C3H8), will be conducted to evaluate the
reactivity of nanoarrays based monolithic catalysts for synthetic optimization. Incorporation of
different transition metals into the manganese oxide crystal structure will be able to enhance
catalytic reactivity, thermal stability and fabrication rate of nanoarrays.19,20 Also, a continuous
flow synthetic system will be built up to scale-up the hydrothermal synthesis and reach the goal of
commercializing the nanoarray-based monolithic catalysts for the automotive industry.

1.2

Manganese Oxide Octahedral Molecular Sieves (OMS) Materials
As one of the most abundant metals in Earth’s crust, manganese oxides have attracted a

great deal of attention due to their diverse crystal structures, outstanding chemical reactivity,
extensive applications, relatively low cost, and structural porosity. Porosity is one important
character for nanomaterials applied in specific fields, like heterogeneous catalysis, energy storage,
environmental treatments, and sensors, by efficiently increasing surface area and reaction
selectivity. Using edge- and corner-shared (MnO6x-) octahedra as the basic building blocks, various
manganese oxide structures are formed with metal cation-stabilized (e.g. K+, Na+, and Mg2+) tunnel
structures as known as the series of octahedral molecular sieves (OMS).21-23 As shown in Figure
1.1, the series of manganese oxide octahedral molecular sieves (OMS) nanomaterials are well-

2

studied and applied in industry for decades, e.g. todorokite (OMS-1), cryptomelane (OMS-2),
pyrolusite (OMS-7), and birnessite (OL-1).24,25

Figure 1.1 Schematic crystal structures of manganese oxide OMS and OL series materials.

Cryptomelane manganese oxide with 2 × 2 tunnels (OMS-2) is a well-known active
nanomaterial due to simple synthesis, controllable morphologies, high catalytic performance and
selectivity, and widely applications.26-31 Diverse synthetic approaches have been studied to
synthesize cryptomelane manganese oxide in nanoscale. De Guzman et al. used reflux method to
produce OMS-2 from Mn2+ and Mn7+ precursors.32,33 Giraldo et al. used the sol-gel method and

3

tetramethyl ammonium (TMA+) permanganate salts as precursors to self-assemble OMS-2 helices
[Figure 1.2(a)].34 Yuan et al. used hydrothermal synthesis at 120°C to obtain cryptomelane
nanorods-based urchin-like OMS-2 nanoparticles and ultra-long OMS-2 nanofibers [Figure
1.2(b)].35-37 Lei et al. converted birnessite manganese oxide (OL-1) to cryptomelane (OMS-2) by
high-temperature calcination (800°C) [Figure 1.2(c)].38,39 Dharmarathna et al. combined the
sonochemical method and cosolvent system to produce OMS-2 nanomaterials with shorter lengths
and high surface area [Figure 1.2(d)].40 Huang et al. used microwave reactor to assist the
hydrothermal synthesis of OMS-2 [Figure 1.2(e)].26,41 Espinal et al. conducted pulsed-laser
deposition (PLD) of OMS-2 on strontium titanate substrates to form cryptomelane manganese
oxide with nanostructured array architectures [Figure 1.2(f)].42,43
Cryptomelane OMS-2 has also been applied in many different areas. As a heterogeneous
catalyst, OMS-2 exhibited high conversion and selectivity in organic oxidative reactions, e.g.
alcohol oxidation, cyclohexane oxidation, ketone formation, and imine formation.44-48 For
environmental protection, OMS-2 possesses outstanding activity for gaseous treatment, e.g. CO
oxidation and volatile organic compounds (VOCs) oxidation, and water treatment, e.g. dyedegradation and oil spill cleanup.49-54,31 Manganese oxide nanomaterials are considered to be the
electrode material for energy storage, i.e supercapacitor.55-59 Recently, some researches revealed
OMS-2 based materials with good potential to be an efficient catalyst for water splitting as
well.60,29

4

Figure 1.2 (a) Morphology of self-assembled OMS-2 helices.34 SEM images of (b) OMS-2 urchinlike nanoparticles composed of nanotetragonal prisms obtained from hydrothermal;37 (c) OMS-2
short rods converted at 500°C;38 (d) OMS-2 materials prepared by sonochemical method;40 (e)
OMS-2 nanofibers prepared by microwave-assisted hydrothermal synthesis;26 (f) OMS-2
nanostructured array deposited on a single crystal STO substrate by PLD at 600°C.43

5

1.3

Three-Dimensional (3D) Manganese Oxide Nano-Arrays
During the past decades, one-dimensional (1D) fiber-, wire-, belt-, and rod-like

nanomaterials have received great interests and studies due to the special properties, e.g., organized
morphology, high surface-to-volume ratio, open surface, limited electron transfer route, high
crystallinity, and extensive processability, which contributing to outstanding chemical reactivity,
sensitivity, and conductivity.61,62 Three-dimensional (3D) nanoarrays composed of 1D based
nanoparticles have been successfully fabricated using various single metal oxides (e.g., ZnO, TiO2,
Fe2O3, and MnO2),63-66 mixed metal oxide (e.g., PbTiO3 and ZnCo2O4),67,68 and bi-phase metal
oxides (e.g., ZnO/MnO2 and V2O5/TiO2).69,70 They have shown unique properties such as high
surface area, tunable semi-conductivity, field-emission, and easy control of energy transport, as
well as amenability to scalable thin-film coating and coaxial deposition. Widespread applications
using 3D nanoarrays were reported as solar cells, sensors, field emission transistors,
electrochemical capacitors, and water splitting catalysts, etc.71-75
Some synthetic methods have been reported to fabricate array structures of manganese
oxide rod arrays, with the most popular ones being electrochemical deposition, hydrothermal, and
pulsed laser deposition (PLD). The electrochemical deposition route usually involves templates
such as anodic aluminum oxide (AAO), carbon nanotube (CNT), and metal oxide nanowires (e.g.
ZnO and Co3O4) to synthesize nanoarray structures. Those fabrication method using varied
templates can obtain well-aligned manganese oxide nanoarrays with the requirement of multiple
experimental steps. Cui et al. and Liu et al. deposited MnO2 on the CNT arrays synthesized by
chemical vapor deposition (PE-CVD) to form manganese oxide coated CNT arrays.76,77 Duay et
al., Xu et al., and Kim et al. fabricated vertical arrays of MnO2 with AAO templates for
electrochemical capacitors and cathode materials for Li-ion batteries.78-80 Sun et al. and Liu et al.
6

coated MnO2 on ZnO and Co3O4 nanowire arrays, respectively, to synthesize manganese oxide
arrays with core/shell structures.81,82 Electrodeposition is a mature technique and able to grow
manganese oxides arrays on most conductive substrates, e.g. Pt foils, Ni foams, and conductive
glass. Several manganese oxide nanowire arrays have been fabricated by electrodeposition and
applied as heterogeneous catalysts for oxygen evolution reduction (OER) and electrodes for
supercapacitors and Li-ion batteries.83-86 As another common method, PLD fabrication of
manganese oxide nanoarrays involves the use of costly strontium titanate (SrTiO3) substrates and
expensive equipment.43
Therefore, facile, cost-effective, and template-free methods are in great demand. However,
very limited success has been reported in fabricating manganese oxide rod arrays using nonelectrochemical solution chemistry such as hydrothermal deposition.30 On the other hand, although
manganese oxide nanomaterials with array structures had been applied as supercapacitor
electrodes and electrocatalysts for water splitting, little has been done through hydrothermal
synthesis.83,87

1.4

Catalytic converters in automobile for Exhaust Treatment
In catalytic converters, the ceramic cordierite (2MgO·2Al2O3·5SiO2) honeycomb monolith

is one of the standard substrates for several decades due to its outstanding thermal and mechanical
durability, low-pressure-drop, and large open frontal area.88 In general, slurry wash-coating is an
effective and widely-used method to deposit metal or metal oxides on the honeycomb monoliths.8992

Incorporation of a mesoporous support like γ-Al2O3, and platinum-group-metals (PGM) as active

materials, like Pt and Pd, on the cordierite substrates were demonstrated to obtain efficient catalytic
7

performance for exhaust from incomplete combustion in vehicles and industrial processes, such as
carbon monoxide (CO), nitrogen oxide (NOx), and hydrocarbons (HCs).93-95,92 Nevertheless, washcoating based catalysts using powdered structural materials still have some issues that need to be
overcome, such as uniformity, coating adhesion effected by size, and usage of noble metals. 14 (i)
thicker coating layers are usually observed around the corners than the middle parts of monolith
channels.90 (ii) The size of nanoparticles bigger than 2 µm led to much lower adhesion if no binder
was applied.96 (iii) Loading with platinum-group-metal (PGM) materials increases the overall cost.
Therefore, nanomaterials with rod array structures were designed as a powerful alternative to
overcome the afore-mentioned problems.

1.5

Copper Manganese Oxide and Hopcalite Catalysts
In industry, copper-manganese mixed oxides were widely used as heterogeneous catalysts

with remarkable reactivity at low temperature for several decades.97-101 Among the various copper
manganese oxides, Hopcalite (CuMn2O4) with spinel structure, is well-known due to the high
capability of CO oxidation at low temperature and cheap cost.97,100,102 The reactivity of copper
manganese oxide systems is varied depending on several factors as elemental composition, crystal
structure, calcination temperature, surface area, and aging.97,103-105 The respective reduction of
Cu2+ and oxidation of Mn3+ to Cu+ and Mn4+ (Cu2+ + Mn3+  Cu+ + Mn4+) were commonly
proposed as the main factor of high reactivity.97,101,102 In general, amorphous CuMn2O4 is
considered as the most active copper manganese oxide phase. Partially replacing the tetrahedral
site in spinel AB2O4 by different transition metals (e.g. Co, Ni, Fe, and Au) might promote the
catalytic performance due to enhanced surface lattice oxygen mobility.103,106

8

1.6

Nanoarray-Based Monolithic Catalysts for Exhaust Treatment
Gao and co-workers have developed a series of monolithic nano-array based metal oxide

catalysts with uniform nanorods, nanowires, and core-shell nanorod structures exhibiting efficient
low-temperature oxidation of carbon monoxide (CO), methane (CH4), propane (C3H8), and nitric
oxide (NO) which demonstrates an advanced approach for catalyst fabrication..14,107-109 In their
previous researches, ZnO, TiO2, CeO2, and Co3O4 with well-defined nanoarray architectures were
in situ grown on cordierite and stainless steel honeycomb monoliths and uniformly covered the
surface of substrates.14
Pt-loaded ZnO nanoarrays display tunable heights between 1 ~ 5 µm with lower light-off
temperature (T50) and full conversion temperature (T100) than the powder-based Pt/ZnO catalysts.14
Uniform Co3O4 nanoarrays with average height 10 µm presented outstanding reactivity of CO,
NO, and CH4 oxidations and better catalytic performance than the correlated powder-based Co3O4
catalysts.15,110 The nanoarrays with core/shell structures were revealed by depositing perovskite on
ZnO nanoarrays.111 The ZnO nanoarrays maintained identical morphologies after wash-coating of
LaBO3 (B = Co, Ni, and Mn) layers and exhibited enhanced the catalytic performance of propane
(C3H8) oxidations than the LaBO3 wash-coated cordierite catalysts.109
Compared to the wash-coating method, the nanoarrays system exhibited unique features
because of the nanoarray architectures. (i) The self-supported nanoarrays have no need of porous
alumina powder as supports and reduce the overall weight of monolithic catalysts.14 (ii) verticalaligned nanoarrays provide open surfaces for efficient molecular diffusion improving
heterogeneous interactions.109 (iii) Uniform nanoarray coatings with thinner thickness (1-10 µm)
inside honeycomb channels than the general active layers in wash-coated catalysts (20-100 µm)
avoid additional pressure-drop.15 (iv) Well-bound nanoarrays on the substrate surface prevent self9

agglomeration at a higher temperature.111 These characters open potential for applying transition
metal oxide nanoarrays on catalytic converters.

1.7
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Chapter 2. Experimental Techniques

2.1

Fabrication of Manganese Oxide Rod Arrays
By hydrothermal synthesis, manganese oxide rod arrays have been fabricated on diverse

substrates, i.e. Si wafers, fluorine-doped tin oxide (FTO) conductive glass, quartz plates, and
platinum (Pt) foils. For the Si wafers (University Wafer) with a 50 nm SnO2 seed layer, the SnO2
seed layer was deposited on the Si wafers by an RF magnetron sputtering system using a Sn target
(99.999%, Stanford Materials). The deposition rate was controlled at 0.3 Å.s-1 in 7.0 × 10-3 Torr
of argon (Ar, Airgas) plasma and followed by post annealing at 900 °C for 2 h. The SnO2/Si wafers
were washed with distilled de-ionized (DDI) water, acetone (J.T. Baker) and isopropanol (J.T.
Baker) in sonication and dried by nitrogen gas before the fabrication. In a typical synthesis, 4.39
g manganese sulfate monohydrate (MnSO4•H2O, 26 mmol, Sigma-Aldrich) and 2.56 g potassium
dichromate (K2Cr2O7, 8.7 mmol, J. T. Baker) were dissolved in 65 mL DDI water. Then, 3.4 mL
sulfuric acid (H2SO4, 95.0 – 98.0 %, J.T. Baker) was added dropwise into the solution under
magnetic stirring. The clear orange solution and Si wafer substrate were transferred into a Teflonlined autoclave, sealed and heated at 120 °C for 14 h. After the reactor was cooled down to room
temperature at ambient conditions, the MORA on Si wafer was rinsed with DDI water and dried
in a vacuum oven at 60 °C overnight. The Si wafer can be substituted by other commercial
substrates such as FTO glass (MTI corp.), quartz plates (Chemglass Life Sciences) and Pt foils
(Alfa Aesar) to obtain similar MORA structures.
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2.2

Catalyst Preparation of Manganese Oxide Nanoarray-Based Monolithic Catalysts
A series of manganese oxide nanorods were in-situ grown on the cordierite honeycomb

monoliths with uniform array architectures as monolithic catalysts for exhaust after-treatment.
Depending on the different oxidants in hydrothermal reactions, K2Cr2O7, KClO3, and K2S2O8, the
monolithic catalysts were denoted as HM-DCM, HM-PCR, and HM-PSF, respectively. All
chemicals in this study were purchased from chemical vendors and used directly. The ceramic
substrates, cordierite honeycomb monolith, were obtained from Corning Corp. The cordierite
substrate was cleaned by sonication in ethanol, water, and acetone for 30 min before reaction.
2.2.1

Hydrothermal Synthesis of Nanoarray-Based Monolithic Catalyst, HM-DCM
22 g manganese sulfate monohydrate (MnSO4·H2O, 130 mmol) and 12.8 g potassium

dichromate (K2Cr2O7, 43.5 mmol) were dissolved in 325 mL Distilled De-ionized (DDI) water.
Then, 17 mL sulfuric acid (H2SO4, 95.0 – 98.0 %) was added dropwise into the solution. After
transferring the solution into a 400 mL capped glass bottle, the cordierite substrate was located on
the bottom. The reaction was heated at 90°C in an oil bath for 12 h with a mechanical stirrer from
the top. After the reaction, manganese oxide nanorod arrays coated on cordierite honeycomb
monoliths were washed with DDI water and dried with nitrogen gas to remove water inside the
monolith channels. A further 2 h sonication in water was applied to remove loose powder of
manganese oxides on the array surface. Then the coated honeycomb monoliths were dried in a
vacuum oven at 60°C for overnight.
2.2.2

Hydrothermal Synthesis of Nanoarray-Based Monolithic Catalyst, HM-PCR
Manganese sulfate monohydrate (MnSO4·H2O, 90 mmol, 15.2 g) and potassium chlorate

(KClO3, 158 mmol, 19.4 g) dissolved in 300 mL DDI water with 5 mL sulfuric acid and reacted
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at 90°C for 12 h. After the reaction, manganese oxide nanorod arrays coated on cordierite
honeycomb monoliths were washed with DDI water and dried with nitrogen gas to remove water
inside the monolith channels. A further 2 h sonication in water was applied to remove loose powder
of manganese oxides on the array surface. Then the coated honeycomb monoliths were dried in a
vacuum oven at 60°C for overnight.
2.2.3

Hydrothermal Synthesis of Nanoarray-Based Monolithic Catalyst, HM-PSF
6.62 g manganese acetate tetrahydrate (Mn(CH3COO)2·4H2O, 27 mmol) and 11.37 g

potassium persulfate (K2S2O8, 42 mmol) were dissolved in 270 mL DDI water with 4.5 mL sulfuric
acid and reacted at 60°C for 6 h. After the reaction, manganese oxide nanorod arrays coated on
cordierite honeycomb monoliths were washed with DDI water and dried with nitrogen gas to
remove water inside the monolith channels. A further 2 h sonication in water was applied to
remove loose powder of manganese oxides on the array surface. Then the coated honeycomb
monoliths were dried in a vacuum oven at 60°C for overnight.

2.3

Catalyst Preparation of transition metal oxides/Nanoarray-Based Monolithic
Catalysts
Additional hydrothermal reactions were applied to the manganese oxide nanoarray-coated

cordierite substrates to fabricate uniform coating layers of different transition metal oxides. Several
transition metal oxides as known as highly active heterogeneous catalysts were selected, i.e.
birnessite manganese oxide (MnO2) and copper manganese oxide (CuMn2O4). The cryptomelane
MnO2 nanoarray HM-PCR, synthesized using manganese sulfate (MnSO4) and potassium chlorate
(KClO3), was chosen as the core support due to the high length-to-diameter ratio (average length
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of 5 µm and diameter of 50 nm) and good stability in hydrothermal reactions. Microwave reactions
were also attempted to fabricate transition metal oxides with nanosheets architecture on the
manganese oxide nanoarray-coated cordierite substrates (HM-PCR). Some transition metal oxides
were chosen by their well-known nanosheets morphology, i.e. nickel (II) oxide (NiO), spinel cobalt
oxide (Co3O4) and copper (II) oxide (CuO). The programmable Biotage Initiator microwave
synthesizer was used in all microwave synthesis.
2.3.1

Hydrothermal Synthesis of Birnessite MnO2/Nanoarray-Based Monolithic Catalysts,
NA-Birnessite
For birnessite manganese oxide coating, 1.89 g potassium permanganate (KMnO4, 12

mmol) and 0.21 g ammonium fluorite (NH4F, 6 mmol) were dissolved in 60 mL DDI water. HMPCR nanoarrays coated cordierite substrates were merged into the solution and heated at 90°C for
16 h. After the reaction, a further 2 h sonication in water was applied to remove loose powder of
manganese oxides on the array surface. Then the coated honeycomb monoliths were dried in a
vacuum oven at 60°C for overnight.
2.3.2

Hydrothermal Synthesis of Copper Manganese Oxide (CuMn2O4)/Nanoarray-Based
Monolithic Catalysts, HM-CuMn2O4
For CuMn2O4 hydrothermal coating reaction, 3.79 g potassium permanganate (KMnO4, 24

mmol) and 2.89 g copper nitrate trihydrate (Cu(NO3)2·3H2O, 12 mmol) were dissolved in 60 mL
DI water. The mixed solution was transferred to a 150 mL glass bottle within a MnO 2 nanoarraycoated honeycomb monolithic substrates (HM-PCR) and heated at 90 °C in a water bath for 30 h.
After the reaction, as synthesized monoliths were treated by DI water rinse, 2 h sonication in water,
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air blow, and vacuum drying at 60 °C for overnight. Then the monolithic catalysts were calcined
at 300 °C for 2 h under atmosphere.
2.3.3

Hydrothermal

Synthesis

of

Co0.36Cu0.64Mn2O4/Nanoarray-Based

Monolithic

Catalyst, NA-Co0.36Cu0.64Mn2O4
3.79 g potassium permanganate (KMnO4, 24 mmol), 2.89 g copper nitrate trihydrate
(Cu(NO3)2·3H2O, 12 mmol), and 0.105 g Cobalt nitrate hexahydrate (Co(NO3)2·6H2O, 0.36 mmol)
were dissolved in 60 mL DI water. The mixed solution was transferred to a 150 mL glass bottle
within a nanoarray (HM-PCR) coated honeycomb monolithic substrates and heated at 90 °C in a
water bath for 4 h. After the reaction cools down, similar workup as the synthesis of HM-CuMn2O4
was applied following the order, rinse, sonication, air blow, and vacuum drying. Then the
monolithic catalysts were calcined at 300 °C for 2 h under an air atmosphere.
2.3.4

Hydrothermal

Synthesis

of

Co0.53Cu0.47Mn2O4/Nanoarray-Based

Monolithic

Catalyst, NA-Co0.53Cu0.47Mn2O4
3.79 g potassium permanganate (KMnO4, 24 mmol), 2.89 g copper nitrate trihydrate
(Cu(NO3)2·3H2O, 12 mmol), and 0.21 g Cobalt nitrate hexahydrate (Co(NO3)2·6H2O, 0.72 mmol)
were dissolved in 60 mL DI water. The mixed solution was transferred to a 150 mL glass bottle
within a nanoarray (HM-PCR) coated honeycomb monolithic substrates and heated at 90 °C in a
water bath for 1 h. After reaction cools down, similar workup as the synthesis of HM-CuMn2O4
was applied following the order, rinse, sonication, air blow, and vacuum drying. Then the
monolithic catalysts were calcined at 300 °C for 2 h under an air atmosphere.
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2.4

Catalyst Preparation of Manganese oxide (MnO2) Wash-Coated Monolithic
Catalysts
To understand the catalytic performance contributed from nanoarray architecture,

monolithic catalysts loaded the same active materials with nanoarray-based catalysts were
prepared by a wash-coating method using polymer binder or powder-form support, i.e.
polyvinylpyrrolidone (PVP) or alumina powder (α-Al2O3). The polymer binder, PVP, was used to
deposit manganese oxide powders on the cordierite substrate after a simple calcination for binder
removal. The alumina powder was applied as a porous support without providing any reactivity.
Commercial manganese oxide (MnO2) and Palladium mixed alumina solution (Pd/Al2O3) were
utilized as the state-of-art standard catalysts for comparison.
2.4.1

Wash-Coating of manganese oxide (MnO2) Powder-Based Monolithic Catalysts,
PVP-DCM, PVP-PCR, PVP-PSF, and PVP-C-MnO2
To prepare the wash-coated monolithic catalysts, commercial MnO2 powders from Sigma-

Aldrich or as-synthesized manganese oxide powders from each hydrothermal reaction (HM-DCM,
HM-PCR, and HM-PSF) were mixed with the same weight of polyvinylpyrrolidone (PVP, M.W.
10,000) in ethanol and stirred for 2 h to form a viscous slurry. For each cycle, the cordierite
substrate was dipped into the slurry for 20 min and gently treated with nitrogen gas to remove the
extra liquid. Then the wet honeycomb monoliths were dried at 120°C for 1 h. The same dipping
cycle was repeated until reaching the desired weight loading of MnO2/PVP. The whole substrate
was calcined at 400°C under air for 1 h to burn out the PVP binder. The monolithic catalysts washcoated corresponding MnO2 active materials were denoted as PVP-DCM, PVP-PCR, and PVPPSF, respectively. The commercial MnO2 powders loaded monolithic catalyst using wash-coated
method was denoted as PVP-C-MnO2 as well.
24

2.4.2

Wash-Coating of Copper Manganese oxide (CuMn2O4)/alumina support (α-Al2O3)
Nanoarray-Based Monolithic Catalyst, WC-CuMn2O4, WC-Co0.36Cu0.64Mn2O4, WCCo0.53Cu0.47Mn2O4, and WC-Pd.
CuMn2O4, Co0.36Cu0.64Mn2O4, and Co0.53Cu0.47Mn2O4 powder collected from each

hydrothermal reaction were loaded on cordierite substrates using wash-coating methods for
comparison with nanoarray-based monolithic catalysts. For instance, 0.2 g CuMn2O4 active
material, 0.8 g α-Al2O3, and 5 mL DI water were stirred for 2 h to form a slurry with 20% active
materials. For each wash-coating cycle, the cordierite substrate was dipped into the slurry for 30
min and blown by nitrogen flow to remove extra slurry. The wet cordierite substrate was dried at
150 °C for 1 h in an oven. Repeated the same procedure for 4 to 5 times to reach the loading
amount of CuMn2O4 materials similar to nanoarray-based catalysts. Each wash-coated substrate
was also calcined at 300 °C for 2h before the catalytic test.
Following the same procedure above, a commercial solution of 1% Pd/Al2O3 was used to
prepare Pd wash-coated monolithic catalysts. The calculated Pd loading amount on cordierite
substrates was 1 g/L. The Pd loaded monolithic catalysts were calcined at 500 °C for 2 h before
the catalytic test.

2.5

Catalytic Performance Testing

2.5.1

Electrochemical Capacitance
All electrochemical measurements were measured by a three-electrode configuration and

conducted with a CHI660A Electrochemical Workstation. The manganese oxide rod arrays coated
FTO glass (MORA/FTO, 1.5 x 1.5 cm2) can be used directly as a working electrode. The counter
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and reference electrodes were Pt foil (1.5 x 1.5 cm2, Alfa Aesar) and saturated calomel electrode
(SCE, CH Instruments, Inc.). The electrolyte solution was 1 M Na2SO4 solution purged by Argon
(Airgas) for 30 min. All electrodes were immersed into the electrolyte solution.
The working electrode for OMS-2 powder sample was prepared by mixing 10 mg of OMS2 powder, 10 mg of Vulcan carbon, 10 mL DDI water, and 5 drops of 60 % polytetrafluoroethylene
(PTFE) solution with 10 min sonication. Then, 20 µL of the mixture was drop on a pyrolytic
graphite electrode and dried slowly at atmosphere.
For CV experiments, the measurements were performed in a potential range from 0 to 800
mV (vs. SCE) at different scan rates from 2 to 100 mVs-1.The specific capacitance C (F.g-1) was
calculated depending on Equation 2.1. Q (Coulomb) was the average electric charge calculated
from the integrated area of CV curve, ∆V (volt) was the potential window during the CV
measurement, and m (g) was the amount of active material (manganese oxide rod arrays) deposited
on FTO glass.

𝐶=

𝑄
∆𝑉 ×𝑚

(Equation 2.1)
The galvanostatic charge-discharge experiments were carried out at different current
densities from 1.5 to A.g-1 in a potential range from 0 to 800 mV (vs. SCE). The specific
capacitance C (F.g-1) was calculated by Equation 2.2. I (A) was the current density, t (second)
was the scan time, ∆V (volt) was the potential window during charge-discharge measurement, and
m (g) was the amount of active material (manganese oxide rod arrays) deposited on FTO glass.
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𝐶=

𝐼×𝑡
∆𝑉 × 𝑚

(Equation 2.2)
2.5.1.1. Carbon Monoxide (CO) Oxidations
Carbon monoxide (CO) oxidation is a common reaction to evaluate catalytic performances
of heterogeneous catalysts using a continuous flow fixed bed quartz tubular reactor. In the For
each catalytic test, 4 pieces of catalysts coated honeycomb substrate with a specific volume (2 mm
× 2 mm × 10 mm, W × H × L) were packed in a quartz tubing with 4 mm diameter and located in
a tube furnace. The outlet of the quartz tubing was connected to a gas chromatograph with a 6-foot
molecular sieve 13X packed column and a thermal conductivity detector (GC-TCD, SKI 8610C
Multiple Gas Analyzer) for the quantitation of CO and CO2. The feed gas was 1% CO, 10% O2
and balanced by N2 with a 20 SCCM flow rate and 7,500 h-1 space velocity. A pretreatment under
nitrogen was applied at 100°C for 1 h before the catalytic tests to remove moisture and impurities
adsorbed on the surface of the catalyst.
2.5.2

Propane (C3H8) Oxidations
The catalytic performances of all copper manganese oxide coated monolithic catalysts were

evaluated by carbon monoxide (CO) and propane (C3H8) oxidations using a BenchCAT reactor
(Altamira Instruments). A Dycor Dymaxion mass spectrometer and an Agilent MicroGC were
used for the analysis and quantification of gas species. For each catalytic test, one piece of the
monolithic catalyst with 5 × 5 channels in cross section (5 mm × 5 mm × 10 mm, W × H × L) was
packed in quartz tubing. The feed gas was 0.3% C3H8, 10% O2 and balanced by N2 with a 100
SCCM flow rate and 24,000 h-1 space velocity. A pretreatment under nitrogen was applied at 200
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°C for 1 h before the catalytic tests to remove surface adsorbed moisture and impurities on the
active materials.

2.6

Material Characterization Techniques

2.6.1

X-Ray Diffraction (XRD)
X-ray powder diffraction (XRD) is a nondestructive technique for phase and purity

identification of crystalline materials. In an X-ray diffractometer, the cathode ray tube provided a
monochromic radiation toward the sample. The incident ray produces constructive interference by
certain crystal phases, which is similar to light reflection by a mirror with the incident angle equals
to the reflection angle. The constructive interference happens when conditions satisfy Bragg’s Law.
n λ = 2 d sin θ

(Equation 2.3)

In the Equation 2.3, n is constant (usually equal to 1), λ is the X-ray wavelength, and θ is the
diffraction angle. The lattice space d can be calculated by the wave path-difference (2dsinθ) in the
constructive interference.2 In this study, all powder X-ray diffraction analyses were conducted
using a Rigaku X-ray diffractometer with Cu Kα radiation (λ= 1.5406 Å), operating beam voltage
of 40.0 KV, and a beam current of 44 mA.
2.6.2

Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS)
The accelerated electrons generated by high-voltage electron gun induced varied signals

from the surface of solid samples, including secondary electrons, backscattered electrons,
diffracted backscattered electrons, photons (characteristic X-rays), Auger electrons, etc. The
secondary electrons and backscattered electrons are usually used for morphology and topography
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of samples. The diffracted backscattered electrons are applied to determine crystal structures and
orientation of minerals by electron backscatter diffraction (EBSD). The characteristic X-rays
produced by inelastic collisions can be used to identify elemental analysis. High resolution and
large depth of focus are major advantages of SEM. The SEM analysis is also a non-destructive
technique to analyze the same material with good conductivity repeatedly.3 All samples were
studied with field emission scanning electron microscopy (FE-SEM) FEI Nova NanoSEM 450 at
an accelerating voltage of 2 kV.
2.6.3

Transmission Electron Microscopy (TEM)
The same principles as the light microscope, TEM uses high-voltage electrons with much

smaller wavelength instead of light. Therefore, TEM can obtain images with much higher
resolution and finest details of internal structure, even individual atoms in some cases. The
resolution of TEM depends on acceleration voltage of electron beam and abbreviation. The higher
acceleration voltage can shorten the wavelength to increase the resolution and penetrating ability
for the thicker specimen.
The condenser lens and apertures are used to focus a beam of electrons from the electron
gun and exclude high angle electrons. High-voltage electron beam strikes the specimen and
penetrates it depending upon the thickness and electron transparency of the specimen. These
transmitted electrons are focused by the objective lens to form an image on phosphorescent screen
or charge coupled device (CCD) camera. When passing through the specimen, electrons are
scattered by the constituent elements in the sample. The scattered electrons can be collected into
individual dots by the electromagnetic objective lens depending on different directions to form the
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diffraction pattern.4 In this study, Transmission electron microscopy (TEM) images were
performed using a FEI Talos F200X with an accelerating voltage of 200 kV.
2.6.4

Nitrogen Isothermal adsorption and surface area
Gas isothermal adsorption is a common method to provide consistent results of the specific

surface area using nitrogen, which possesses stable and reversible adsorption-desorption properties.
The principle of isothermal adsorption is an extension of the Langmuir theory, which is a theory
for monolayer molecular adsorption. The Brunauer–Emmett–Teller (BET) theory was published
by Stephen Brunauer, Paul Hugh Emmett, and Edward Teller in 1938 to apply the adsorption
theory for multilayer molecular adsorption for mesoporous materials with satisfying the three
following hypotheses:
(a) Gas molecules can be physically adsorbed on a solid in layers infinitely.
(b) No interaction between each adsorption layer.
(c) The Langmuir theory can be applied to each layer of molecules.
Therefore the BET equation is extended as,
1
𝑝
𝜐[( 𝑝𝑜 ) − 1]

=

𝑐−1 𝑝
1
( )+
𝜐𝑚 𝑐 𝑝𝑜
𝜐𝑚 𝑐

(Equation 2.4)
Where p is the equilibrium pressure of N2, po is the saturation pressure of N2 at experimental
temperature, υ is the adsorbed volume at p, υm is the monolayer adsorbed quantity, and the c is the
BET constant.
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When the Equation 2.4 be plotted as a straight line form, y = ax + b, the x is (p/po), the
slope a is (c-1)/(υmc), and the intercept b is equal to 1/(υmc). The relative (p/po) between 0.05 and
0.3 are reliable for the linear equation. Then, the adsorbed monolayer gas quantity υm and the BET
constant c can be the form of a and b as,

𝜐𝑚 =

1
𝑎+𝑏

𝑐 = 1+

1
𝑏

The BET equation can be further applied to calculate the total surface area STotal and specific
surface area SBET.
𝜐𝑚 𝑁𝑠
𝑉

𝑆𝑇𝑜𝑡𝑎𝑙 =

(Equation 2.5)
𝑆𝑇𝑜𝑡𝑎𝑙
𝑚

𝑆𝐵𝐸𝑇 =

(Equation 2.6)
In Equation 2.5, the υm is still the adsorbed monolayer gas quantity, N is the Avogadro's number,
V is the molar volume of the adsorbed gas, and the m in Equation 2.6 is the mass of the sample.
In this study, the surface areas of monolithic and powder-form samples were measured
with N2 isothermal adsorption experiments and Brunauer–Emmett–Teller (BET) method using a
Quantachrome Autosorb-1-1C automated adsorption system. Both nanoarray-based and washcoated monolithic catalysts were degassed at 150 °C for 6 h to remove moisture and other
physically adsorbed species. The experiments of N2 isothermal adsorption were measured at
relative pressures (p/p0) from 0.005 to 0.995 then followed by desorption from 0.995 to 0.12.
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2.6.5

Temperature Programmed Reduction (TPR) and Desorption (TPD)
Temperature-programmed reduction (TPR), desorption (TPD) and mass spectrometry

analyses were studied using a MKS gas analyzer coupled with a quadrupole mass selective detector.
In general, 100 mg sample was loaded in a quartz tubing and located in a tube furnace as illustrated
in Figure 2.1. A heat pretreatment for samples was applied using an inert gas flow (Ar, 50 SCCM)
at 200 °C for 1 h to remove surface adsorbed water molecules and other impurities in the beginning.
For hydrogen temperature-programmed reduction (H2-TPR), a mixed gas of 10% hydrogen (H2)
balanced by nitrogen (N2) with 200 SCCM flow rate was used in the experiments to reduce samples
at the programmed heating process. The mass spectrometry analyzer monitors the varied signal of
H2 to obtain the consumption amount of H2.
For oxygen temperature-programmed desorption (O2-TPD), pure oxygen with a 25 SCCM
flow rate was purged at room temperature for 1 h before desorption for oxygen molecules adsorbed
on the surface defects of catalysts. After O2 adsorption, the purging O2 was replaced by pure Ar
with a 25 SCCM flow rate accompany the programmed heating process. All evolution of oxygen
species including surface adsorbed oxygen and material lattice oxygen is recorded by the mass
spectrometry analyzer. All temperature-programmed measurements were performed from room
temperature to 800°C with a ramping rate of 10°C/min.

Figure 2.1 Diagram of hydrogen temperature programmed reduction setup.
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2.6.6

Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
Inductively coupled plasma mass spectrometry (ICP-MS) is a widely used technique for

elemental analysis and determination with superior detection capabilities. ICP-MS has many wellknown advantages like high sensitivity (detection limit up to ppt, 10-12), ability to detect most
element (except H, C, N, O, and halogens), short detection time, simultaneous analysis of multiple
elements, wide range, and low mass overlapping effect. In general, an ICP-MS is composed of
three major parts, (i) sample injection system, (ii) inductive coupled plasma source, and (iii) mass
spectrometers. The sample injection system sprays aqueous sample solution into the plasma
chamber and induction coil. The inductively coupled plasma is used to vaporize, decompose,
atomize, and ionize sample at super high-temperature (8000°C). The different ions can be
determined by mass spectrometers, which are categorized to three major species, i.e. quadrupole,
magnetic sector field, and time-of-flight mass spectrometers. Before injection, solid state samples
need to be acid-digested to an aqueous solution using a strong acid like Aqua Regia or hydrofluoric
acid. Due to precise quantitative analysis, especially isotope and trace elemental analysis, ICP-MS
is extensively applied in many areas, e.g. material science, geology, nuclear engineering,
environmental detection, pharmaceutics, and semiconductor manufacturing.
2.6.7

X-Ray Photoelectron Spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS) is a general technique for analysis of elemental

composition, oxidation state, and electronic state near surface of materials (1 – 10 nm). The photoemitted electrons are collected to measure their kinetic energies by irradiating a focused beam of
X-ray (i.e. Al-Kα, 1486.7 eV) to the surface of materials. The electron binding energies of each
emitted electrons can be obtained using Equation 2.7 and the known energy of the X-rays.
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𝐸𝑏 = ℎ𝑣 − 𝐸𝑘 − 𝜙
(Equation 2.7)
In Equation 2.7, the Eb is the binding energy of the electron, hv is the energy of the X-rays, Ek is
the kinetic energy of the emitted electron, and the ϕ is the work function of spectrometer and
materials. In this study, the surface elemental analysis of catalysts was conducted with X-ray
photoelectron spectroscopy (XPS) using a PHI Model 590 spectrometer with multiprobes. XPS
The binding energies in XPS spectra were calibrated using the signal from adventitious carbon
(284.6 eV).
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Chapter 3. Scalable and Template-Free Synthesis of Highly Ordered
Manganese Oxide Rod Arrays

3.1

Introduction
A facile and scalable synthetic strategy was developed to fabricate highly ordered

cryptomelane type manganese oxide nanorods with three-dimensional (3D) array architectures. By
hydrothermal reactions, manganese oxide (MnO2) nanoarrays were deposited on Si wafers for
investigating growth mechanism and applied on fluorine-doped tin oxide (FTO) glass as
supercapacitors. As a generic growth process on this diverse array of solid substrates, a 50 nm
thick layer of SnO2 has been deposited on the substrates using magnetron sputtering or dip-coating
before the hydrothermal reaction. The tetragonal rutile SnO2 seed layer has assisted the preferred
orientation growth of OMS-2 rods with good adhesion of rods on the substrates and controlled
growth region on the substrate. Seed layers have generally been utilized for the growth of various
non-MnO2 rod arrays.1,2 In this study, tetragonal SnO2 (cassiterite, a = b = 4.737 Å and c = 3.185
Å) was successfully applied as the seed layer due to its similarity to the crystal structure of OMS2 (cryptomelane, a = b = 9.82 Å and c = 2.85 Å), which may be advantageous to the epitaxial
growth of OMS-2 on the substrate.3,4 This easy-control and template-free generic procedure could
enable a potentially broad use of these manganese oxide arrays in catalysis, sensor, and
electrochemical energy storage.2,5 In the synthesis, manganese sulfate was chosen as a manganese
source and potassium dichromate as an oxidant. Sulfuric acid was used to create an acidic
environment required for the formation of the OMS-2 structure.6 The redox potential of Cr2O72/Cr3+ (1.33 V) is slightly higher than Mn4+/Mn2+ (1.23 V) which resulted in a controlled reaction
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rate. Moreover, the hydrothermal method also provides mild and stable reaction environment for
the growth of highly crystalline prism rods. The Equation 3.1 below shows the balanced chemical
reaction of Mn4+/Mn2+ and Cr2O72-/Cr3+ to form manganese oxide.
16 MnSO4(aq) + 5 K2Cr2O7(aq) + 3 H2SO4(l) 
2 KMn8O16(s) + 5 Cr2(SO4)3(aq) + 4 K2SO4(aq) + 3 H2O(l)

3.2

Characterization Studies of Manganese Oxide Rod Arrays

3.2.1

Morphology Study of Nanorod Arrays

(Equation 3.1)

The morphologies of the as-synthesized manganese oxide nanoarrays were investigated by
SEM as shown in Figure 3.1. The typical top view SEM images of as-prepared manganese oxide
rod arrays coated film are shown in Figure 3.1(a) and 3.1(b). The images show square ended rods
formed with merged tiny fibers on top. The cross-sectional SEM image [Figure 3.1(c)] showed
that this 100 nm wide rods stand vertically on the tin oxide (SnO2) seeded Si wafer forming large
scale and uniform arrays with a typical height of about 1 µm. Figure 3.1(d) shows SEM images
from the top and side views of rod arrays on the substrate as a function of reaction time. At the
beginning (40 min), inclined tiny manganese oxide rods were formed without distinct edges and
uniform shape. Then, in 2 h, longer manganese oxide fibers started appearing with sharp tails (40
min – 2 h). At 4 h, all manganese oxide rods have a rectangular structure with an average height
of 700 nm and are aligned vertically. The length of rods reaches 1 µm at around 10 h. Longer
reaction times (14 h) didn’t change the length, but the rods got thicker in diameter with clearer
edges. Figure 3.1(d) (uncoated) also shows a homogeneous SnO2 layer covered on the Si-substrate.
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The image shows well-deposited and fully covered SnO2 film on Si wafer. The uniform rod arrays
have also been successfully synthesized on different types of large and solid substrates such as
honeycomb monolith, fluorine-doped tin oxide (FTO) glass, quartz plate, platinum foil, and
cordierite honeycomb monoliths as shown in Figure 3.2.

Figure 3.1 SEM images of as-synthesized manganese oxide rod arrays at 120 °C for 14 h: (a), (b)
top, and (c) cross-sectional views; (d) SEM images of rod arrays grown on SnO2/Si wafer with
various reaction times (40 min – 14 h), top and side views. Scale bars are unified as 500 nm (top
row) and 1 µm (bottom row).
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Figure 3.2 SEM images of manganese oxide rod arrays composites fabricated on different
substrates: (a) FTO glass, (b) quartz plate at 120 °C, (c) Pt foil at 120 °C, and (d) HM at 120 °C.

3.2.2

Crystal Structure Study of Nanorod Arrays
The powder X-ray diffraction (PXRD) results [Figure 3.3(a)] indicate that the powder

collected from the hydrothermal reaction solution can be indexed as being a pure tetragonal
cryptomelane manganese oxide (OMS-2) (JCPDS No. 29-1020). The lack of (110), (200), and
(310) planes of OMS-2 was observed in the XRD pattern of rod arrays, suggesting a preferential
orientation in the direction of (hkl) planes. A plausible explanation for the lack of certain planes is
that all (hk0) planes aligned vertically on the substrate. A comparable study done by Espinal et al.
presented only (hk0) diffraction lines observed in XRD analyses when OMS-2 crystal rods were
parallel to the surface of single crystal strontium titanium oxide (STO) substrate.7 This is also
consistent with the SEM observation [Figure 3.1(c)] of the rod-like OMS-2 structures along their
c-axis. In Figure 3.3(b), OMS-2 related diffraction patterns can be seen clearly for manganese
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oxide rod arrays grown for 2 h or more time. At longer reaction times, the intensities of (211),
(301), and (411) planes increased and became clearer.

Figure 3.3 (a) X-ray diffraction (XRD) patterns of as-synthesized manganese oxide rod arrays on
SnO2/Si wafer (top), OMS-2 powder collected from the MORA growth solution (middle), and
uncoated SnO2/Si wafer (bottom); (b) XRD diffraction patterns of rod arrays on SnO2/Si wafer assynthesized from 80 min to 8 h at 120 °C.

The nature of the rod arrays was further investigated by high-resolution transmission
electron microscopy (HR-TEM). Figure 3.4(a) shows a tip of an individual OMS-2 rod scratched
off from the manganese oxide rod arrays on SnO2/Si wafer. The image shows that the rectangular
rod was composed of many nanocolumns. In Figure 3.4(b), the lattice fringes were indexed as the
(200) plane of OMS-2 (cryptomelane) with a consistent interplanar d-spacing of 4.87 Å. The HRTEM image and selected area electron diffraction (SAED) pattern of an individual OMS-2 rod
further revealed that the (200) planes are parallel to the long side (c-axis) of the rod [Figure 3.4(c)
and 3.4(d)]. The results are consistent with the findings by Yuan et al. and Feng et al..8,9
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Figure 3.4 TEM images of individual OMS-2 rods scratched off from rod arrays on SnO2/Si wafer:
(a) tip of a rod tail (4 h reaction time), (b) part of a rod tip featuring the fringe of cryptomelane
OMS-2 (200) plane; (c) an individual OMS-2 rod and the corresponding selected area electron
diffraction (SAED) pattern (d).

3.3

Electrochemical Performance
The manganese oxide rod arrays (MORA) are believed to be a potential energy storage

material due to possessing several advantages such as being a scalable coating, the binder-free
nature, and the absence of support. Therefore, cyclic voltammetry (CV) was used to measure the
specific capacitance of manganese oxide rad arrays coated fluorine-doped tin oxide glass
(MORA/FTO) as an electrochemical capacitor. Figure 3.5(a) shows the CV characteristics of the
MORA/FTO with a potential window of 0.8 Volt at different scan rates (2 - 100 mVs-1). The
symmetric and rectangular shapes of resulting CV curves indicate that MORA/FTO possesses
40

good oxidation-reduction behavior, reversibility, and electrochemical performance, thus a
promising capacitor electrode.
Table 3.1 summaries the calculated specific capacitance of both MORA/FRO and OMS-2
powder using different scan rate in CV experiments. The specific capacitance reaches 108 F.g-1 at
2 mVs-1 scan rate. The maximum specific capacitance drops 40% at high scan rates (100 mVs-1)
(capacitance from 108 F.g-1 to 65 F.g-1). To compare the performance of capacitors between
MORA and OMS-2, the powder of OMS-2 (collected from the same hydrothermal reaction) was
also tested for its specific capacitance under the same experimental conditions [Figure 3.5(a)].
The contribution of capacitance from the FTO substrate was negligible, while the capacitance of
the MORA/FTO (108 F.g-1) was almost twice that of the OMS-2 powder (60 F.g-1). This result
suggests that the array architecture of manganese oxide may provide a shorter path for electron
transportation and a larger surface area for intercalation of Na+ ions during the CV scans.10,5
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Figure 3.5 The electrochemical performances of manganese oxide rod arrays-based
supercapacitors: (a) The cyclic voltammetry (CV) curves at different scan rates; (b) the specific
capacitance as a function of the scan rate: MORA/FTO vs. OMS-2; (c) the galvanostatic chargedischarge curves scanned in the potential range from 0 to 0.8 V at different current densities; (d)
the test of stability measured for 1000 cyclic charge-discharge scans at 1.5 A.g-1 current density,
the specific capacitance as a function of the cycle number. The inset shows the last 10 cycles of
charge-discharge tests.

Table 3.1 The specific capacitance of MORA/FTO and OMS-2 powder at different scan rates.
Scan rate (mVs-1)

2

5

10

30

50

80

100

MORA/FTO

107.68

93.50

77.01

69.11

64.86

68.23

64.74

OMS-2 powder

59.69

57.19

54.06

50.63

47.50

32.84

30.95
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The galvanostatic measurements were also performed to evaluate the charge-discharge
performances and stabilities of the MORA/FTO composite as an electrode material. The
galvanostatic curves were scanned under different current densities as shown in Figure 3.5(c). The
symmetric curves revealed a highly linear and consistent charge-discharge property at different
current intensities ranging from 1.5 A.g-1 to 15 A.g-1. Table 3.2 lists the calculated specific
capacitance of both MORA/FRO at different current densities in galvanostatic experiments. The
highest obtained specific capacitance is 79 F.g-1 at 1.5 A.g-1 current density which is still 73% of
the capacitance obtained from CV. The lower capacitance is due to the relative higher scan rate in
galvanostatic charge-discharge at 1.5 A.g-1 than CV at 2 mVs-1. The long-term cyclic stability was
also tested and more than 1000 scans were collected at a constant current density of 1.5 A.g-1
[Figure 3.5(d)]. Although a small decrease at discharge time was observed during chargedischarge tests, even after 1000 cycles, the MORA/FTO electrode still maintained 86% of its
specific capacitance (79 F.g-1 to 68 F.g-1) as shown in Table 3.3. The results support the stable
structure of OMS-2 and excellent binding of rod arrays on the surface of FTO glass.

Table 3.2 The specific capacitance of as-synthesized MORA/FTO electrode.
Current density (A.g-1)

1.5

3

6

9

15

Specific capacitance (F.g-1)

78.75

63.75

57.75

50.63

39.38
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Table 3.3 The specific capacitance of MORA/FTO electrode for the long-term stability test (1000
cycles).
Cycle number

Specific
Capacitance
(F.g-1)

3.4

1st

50th

100th

150th

200th

250th

300th

79.13

75.75

74.81

72.19

73.87

72.94

72.75

350th

400th

450th

500th

550th

600th

650th

71.63

71.81

73.13

72.19

72.56

71.25

69.94

700th

750th

800th

850th

900th

950th

1000th

69.38

69.19

68.44

68.44

68.06

68.63

68.25

Conclusion
In summary, octahedral molecular sieve (OMS-2, cryptomelane) nanorods were

successfully fabricated as uniform 100 nm wide manganese oxide rod arrays (MORA) with ~1 µm
height by a facile, scalable and template-free procedure. The rectangular OMS-2 rods grew with a
preferred orientation along the [001] direction (c-axis). The manganese oxide rod arrays coated
FTO composite (MORA/FTO) exhibited specific capacitance reaching as high as 108 F.g-1 at a 1.5
mVs-1 scan rate with good reversibility and long-term stability. These results suggest the
manganese oxide material with array architectures as a promising material for electrochemical
energy storage. Using a similar wet chemical process, these MORAs can be grown on a diverse
array of substrates including Si wafers, FTO glass, quartz plates, Pt foils, and honeycomb
monoliths, featuring its potential to be utilized in a broad spectrum of areas such as sensors,
catalysis, and electrochemical energy storage.
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Chapter 4. Manganese Oxide Nanorod Arrays Based Monolithic Catalysts for
CO Oxidations

4.1

Introduction
Herein, a synthetic strategy was applied to in-situ grow manganese oxide nanorod arrays

on the cordierite honeycomb substrates. This strategy provided a facile method to deposit a robust
layer of urchin-like nano-arrays onto the honeycomb monoliths without using any binders. In
general, urchin-like manganese oxide can be achieved by slowly oxidizing Mn2+ to Mn4+ in acidic
environment using hydrothermal syntheses.1-5 Nanowires or nanorods were crystalized radially
along the preferred plane of the nuclei aggregated by small nanoparticles to form urchin-like
structures. Similarly, with cordierite substrates in solution, heterogeneous nucleation occurred on
the surface of substrates to precipitate a seed layer of manganese oxide nanoparticles as nuclei.6,7
Then, dense manganese oxide nanorods grew perpendicularly on the seed layers to form nanoarray architectures. Therefore, three hydrothermal synthetic processes of manganese oxides using
different oxidants such as potassium dichromate (K2Cr2O7), potassium chlorate (KClO3), and
potassium persulfate (K2S2O8), were synthesized and denoted to HM-DCM, HM-PCR, and HMPSF, respectively.1,2,5 All three manganese oxide catalysts presented cryptomelane as their major
crystal structure but had different morphologies of nano-array and catalytic performances due to
diverse reduction potentials of oxidants applied in the hydrothermal syntheses. The open surface
feature of nanorod arrays also enhanced conversion of CO oxidation compared to dip-coated
manganese oxide monolithic catalysts. Studies of O2-TPD and XPS displayed abundant surface
adsorbed oxygen and lattice oxygen contributing to the highest reactivity of HM-PSF. Multiple
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correlations among surface area, reducibility, oxidation states and chemical reactivity were
discussed in this study as well.

4.2

Characterization Studies of Nano-Arrays Based Monolithic Catalysts

4.2.1

Morphology of Nano-Arrays (SEM)
The SEM images showed manganese oxide aligned vertically on the cordierite substrate

(Figure 4.1(a)-(f)), and varied morphologies of manganese oxide rods were formed when using
different oxidants. All of the three cryptomelane nano-arrays were distributed uniformly in the
channels of the monolith substrate. The HM-DCM had sharp pyramidal shapes with average
lengths of ~ 2.5 µm and diameters of 50-100 nm as shown in Figures 4.1(a) and 4.1(d). The
nanowire arrays, HM-PCR, presented in Figures 4.1(b) and 4.1(e) had longer lengths ~ 5 µm and
smaller diameters ~ 20-50 nm. The HM-PSF nanorods displayed cylindrical shaped shorter lengths
~ 1 µm and a bigger diameter ~ 100 nm, as shown in Figures 4.1(c) and 4.1(f). Furthermore, a
layer with a thickness about 0.5 ~ 1 µm of manganese oxide was deposited above the cordierite
substrate during the hydrothermal synthesis for each monolithic catalyst. This deposited layer of
manganese oxide played a critical role as the seeds for nanorod growth as a binder between the
nano-arrays and the substrate. Each nano-array based monolithic catalyst exhibited good binding
on the cordierite substrate and excellent robustness after a 2 h sonication in water to remove detrital
nanorods and powder. In Figures 4.1(g)-(i), all manganese oxide powders collected from each
reaction exhibited urchin-like structures. The nanoparticles with bigger diameters in the powders
can form longer nano-arrays when depositing on cordierite substrates. Therefore, the order of
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nano-array lengths was the same as the diameters of urchin-like powders, HM-PCR > HM-DCM
> HM-PSF.

Figure 4.1 SEM images of manganese oxide nanorod arrays on the cordierite substrate: (a) top
view and (d) cross-sectional view of HM-DCM; (b) top view and (e) cross-sectional view of HMPCR; (c) top view and (f) cross-sectional view of HM-PSF. SEM images of as-synthesized
manganese oxide powders collected from each reaction: (g) HM-DCM; (h) HM-PCR; (i) HM-PSF.
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4.2.2

Crystal Structure (XRD and TEM) & Surface Area (BET)
The crystal structures of all catalysts were identified by powder X-ray diffraction (XRD).

The XRD patterns were conducted on both the honeycomb monoliths coated with manganese
oxide nanoarrays and the precipitates collected from each hydrothermal reaction [Figure 4.2(a)]
because the intensities of manganese oxide collected from monolithic catalysts were much lower
as compared to the diffraction patterns of cordierite substrates.

Figure 4.2 The XRD patterns of (a) HM-DCM (cryptomelane), HM-PCR (cryptomelane/nsutite
▼), and HM-PSF (cryptomelane). For (b)-(d), (b) HM-DCM, (c) HM-PCR, and (d) HM-PSF
calcined at various temperatures from room temperature (R.T.) to 800°C.
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The nano-arrays of HM-DCM and HM-PSF can be indexed to manganese oxide with the
cryptomelane structure (K2−xMn8O16, tetragonal, a = b = 9.82 Å and c = 2.85 Å, JCPDS: 29-1020).
The diffraction patterns of as-synthesized HM-PCR displayed mixed phases of cryptomelane as
majority and nsutite (γ-MnO2, JCPDS: 14-0644) as a minority. XRD patterns of the three catalysts
were collected under air at various temperatures from room temperature to 800°C to study the
thermal stability of manganese oxide materials. Figure 4.2(b)-(d) showed that all three materials
maintained the major cryptomelane structure at 500°C and started to have some diffraction patterns
of the bixbyite phase at 600°C. At 800°C, each cryptomelane was converted to bixbyite
completely. The (120) plane of nsutite in the HM-PCR [Figure 4.2(c)] disappeared at 400°C, with
the only cryptomelane remaining. The HM-PSF transformed to bixbyite above 600°C, but partial
diffraction patterns of cryptomelane still existed at 800°C. The calcination tests indicated that
cryptomelane manganese oxide nano-arrays were stable below 500°C.
The crystal nanorod structures of the manganese oxide materials were further investigated
by high-resolution transmission electron microscopy (HR-TEM) to prove the structure of
cryptomelane. Figure 4.3 showed the TEM images of HM-DCM, HM-PCR, and HM-PSF. All the
three materials showed crystalline structures with clear lattice fringes which can be indexed as the
(110) plane of the cryptomelane manganese oxide with a consistent interplanar d-spacing of 6.94
Å. The (110) planes parallel to the long side of nanorods revealed that the manganese oxide
nanorods grew along the c-axis despite no matter what different oxidants were used. This result is
consistent with the findings of Yuan et al. and Zhao et al.5,8
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Figure 4.3 HR-TEM images of manganese oxide nanorods scratched from the as-synthesized
monolithic cordierite substrate for (a) & (d) HM-DCM, (b) & (e) HM-PCR, and (c) & (f) HMPSF.

The BET surface areas of all monolithic manganese oxide catalysts and uncoated cordierite
honeycomb monolith substrates are listed in Table 4.1. Monolithic catalysts, HM-DCM and HMPCR presented higher surface areas (87 m2/g and 43 m2/g) than HM-PSF (7 m2/g). Because
cordierite substrates suffered varying degrees of acid etching during synthesis, the surface area of
substrates in each catalyst were measured after removal of coated manganese oxide by the oxalic
acid solution. After subtracting the surface area of cordierite substrate using Equation 4.1, the
nano-array based catalysts, HM-DCM maintained higher surface area (138 m2/g) from the long
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lengths and small diameters. Both nano-array based catalysts, HM-DCM (138 m2/g) and HM-PSF
(54 m2/g), obtained higher surface areas than their powder based catalysts, PVP-DCM (18 m2/g)
and PVP-PSF (34 m2/g), indicating the enhanced surface areas from their array architectures. An
apparent thick seed layer shown in Figure 4.1(e) caused the lower surface area of the HM-PCR
(56 m2/g), which has the longest length and the smallest diameter of nanorods, than the PVP-PCR
(97 m2/g). This kind of seed layer was not shown on the powder based monolithic catalysts, PVPDCM, PVP-PCR, and PVP-PSF (Figure 4.4).

𝑆𝐴 =

𝑆𝑀 ×𝑊𝑀 −𝑆𝐵𝐶 ×𝑊𝐵𝐶
𝑊𝐴

(Equation 4.1)

In the Equation 4.1, SA and WA are the surface area and weight of manganese oxide nano-array
loading on the cordierite substrate, respectively. The SM and WM are used for the whole monolithic
catalyst, and the SBC and WBC refer to the uncoated cordierite substrate.
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Table 4.1 Crystal Information and Brunauer–Emmett–Teller (BET) surface area (S, m2/g)

Crystal
structure

MnOx
loading on
substrate
(%)a

SM of
monolithic
catalyst
sample

SBC of MnOx
removed
substrate

Calculated SA
of active
material

Bare
substrate

Cordierite

n/a

0.5

n/a

n/a

HM-DCM

Cryptomelane

13

87

79

138

19

43

41

56

8

7

3

54

5

11

10

18

HM-PCR
HM-PSF
PVP-DCM

Cryptomelane
& nsutite
Cryptomelane
Cryptomelane
& Bixbyite

PVP-PCR

Cryptomelane

3

12

9

97

PVP-PSF

Cryptomelane

6

22

21

34

PVP-CMnO2b

Akhtenskite

8

7

6

24

a

The specific volume of the substrate was 4 pieces of nano-array based monolithic catalysts (2

mm × 2 mm × 10 mm). b Commercial manganese oxide. The n/a entries signify not applicable or
measured.

Figure 4.4 SEM images of manganese oxide powders deposited on the cordierite substrates using
dip-coating methods: (a) PVP-DCM; (b) PVP-PCR; (c) PVP-PSF.
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4.2.3

Surface composition and oxidation state (XPS)
The XPS spectra of surface elemental compositions for Mn 2p and O 1s are illustrated in

Figure 4.5. The binding energies (BEs) corresponding to the peaks of Mn 2p3/2, 2p1/2, and O 1s
are summarized in Table 4.2. The O 1s peaks were deconvoluted into three oxygen species, lattice
oxygen (OL) from manganese oxide, surface adsorbed oxygen (Oads) in the form of a hydroxyl
group (OH-), and surface adsorbed water molecules (OW).9 The average oxidation state (AOS) of
Mn in the three materials were calculated from the ratio of Mn 2p3/2 to OL. The spectra of Mn 2p3/2
are difficult to be distinguished between Mn3+ and Mn4+, but the increasing BEs for Mn 2p3/2
signals of the catalysts HM-DCM (642.11 eV), HM-PCR (642.46 eV), and HM-PSF (642.53 eV)
agreed with the order of the AOS for Mn, HM-DC (3.67) < HM-PCR (3.74) < HM-PSF (3.83).

Figure 4.5 X-ray photoelectron spectroscopy (XPS) analysis of (a) Mn 2p and (b) O 1s
deconvoluted spectra of manganese oxide collected from each hydrothermal reaction.
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Table 4.2 Summary of Binding Energies and Area Percentage of Mn and O Obtained from the
Deconvoluted XPS Spectra.
Binding Energy (eV)
Mn 2p

a

O 1s (%)

Sample ID

2p3/2

2p1/2

OL

Oads

OW

O/Mn ratio

AOS of Mn

HM-DCM

642.11

653.81

529.94
(51.71)

531.77
(34.83)

533.66
(13.46)

1.84

3.67

HM-PCR

642.46

653.95

529.79
(57.72)

531.69
(31.01)

533.65
(11.27)

1.87

3.74

HM-PSF

642.53

653.83

529.72
(65.18)

531.66
(26.67)

533.45
(8.15)

1.97

3.83

OL, Oads, and OW represent the deconvoluted O 1s peak of lattice oxygen, surface adsorbed oxygen

species, and surface adsorbed water molecules, respectively.

4.3

Catalytic Performance (CO oxidation)
The catalytic performance of the nano-array based monolithic catalysts was studied by the

oxidation of carbon monoxide (CO) with a space velocity of 7,500 h-1 as shown in Figure 4.6(a).
The HM-PSF catalyst exhibited the best reactivity for CO oxidation with the light-off temperature
at 175°C and temperature for 90% conversion (T90) around 200°C. The HM-DCM and HM-PCR
catalysts had light-off temperatures around 250°C and 90% conversion (T90) at 300°C & 325°C,
respectively. Both HM-PSF and HM-PCR were able to maintain full CO conversion at high
temperature (500°C) revealing their good thermal durability. However, for the HM-DCM catalyst,
the conversion decreased at 350°C due to the transformation of manganese oxide from the
cryptomelane structure (MnO2) to bixbyite (Mn2O3) under feed gas atmosphere.

55

In order to compare the catalytic performances of catalysts with and without the array
structure, the powder based monolithic catalysts loaded with commercial MnO2 powders and the
same manganese oxide materials from hydrothermal reactions were dip-coated with
polyvinylpyrrolidone (PVP) as a binder, respectively. The polymer binder was used to deposit
manganese oxide powders on the cordierite substrate after a simple calcination for binder removal.
Compared with the dip-coated commercial MnO2 (PVP-C-MnO2), nano-array based monolithic
materials exhibited better catalytic performance than the commercial MnO2 material. HM-DCM
and HM-PSF showed 25°C and 125°C lower conversion temperatures (T90) than the commercial
PVP-C-MnO2, respectively. As shown in Figure 4.6(a), the other three powder based catalysts,
PVP-DCM, PVP-PCR, and PVP-PSF showed relative lower reactivity than those of the nano-array
based catalysts. The temperature at which PVP-PSF reached full conversion was 100°C higher
than the HM-PSF. The other catalysts, PVP-DCM and PVP-PCR have a maximum CO conversion
of only ~47% and ~26% before 500°C.
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Figure 4.6 (a) Catalytic performance of manganese oxide nano-array based and dip-coated
monolithic catalysts for CO oxidation; (b) the calculated activities as a function of the temperature;
(c) the calculated activities normalized by surface area as a function of the temperature; (d) the
Arrhenius plot of the reaction kinetics and the calculated activation energies.

The loading ratios and surface area of manganese oxides on the cordierite substrates were
varied due to different synthetic processes, with HM-PCR (~19%, 56 m2/g) > HM-DCM (~13%,
138 m2/g) > HM-PSF (~8%, 54 m2/g). Therefore, their activities were compared after
normalization with the exact weight [Figure 4.6(b)] and surface area [Figure 4.6(c)]. As shown
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in Figure 4.6(b), the calculated activity order of nano-array based catalysts was HM-PSF > HMDCM > HM-PCR. The HM-PSF and HM-DCM catalysts both displayed higher activities than
their powder based counterparts, PVP-PSF and PVP-DCM, indicating the beneficial function of
open surfaces due to the array architectures. The two catalysts synthesized using potassium
persulfate, HM-PSF, and PVP-PSF, obtained the highest reactivity for CO oxidation. The plot of
activities normalized by the surface area in Figure 4.6(c) revealed the activity of the HM-PCR
catalyst had a similar activity to the PVP-PCR catalyst.
The Arrhenius plots in Figure 4.6(d) provided calculated activation energies of the three
catalysts from 15% conversions in the sequence of HM-PSF > HM-DCM > HM-PCR. The HMPSF catalyst showed smaller activation energy (~ 28.7 kJ/mol) than HM-DCM (~ 44.1 kJ/mol)
and HM-PCR (~ 54.1 kJ/mol) which correlates with the order of both catalytic performance and
calculated activities.

4.4

Temperature Programmed Reduction and Desorption Studies (TPR and TPD)

Hydrogen Temperature Programmed Reduction (H2-TPR)
As reduction catalysts for CO oxidation, the reactivity of catalysts can be evaluated by their
reducibility under hydrogen atmosphere.10,11 Therefore, temperature programmed reduction (TPR)
experiments were conducted to study the relative reducibility among the three monolithic catalysts.
As shown in Figure 4.7(a), the TPR profile of the catalyst HM-PSF exhibited a starting
temperature of the hydrogen consumption at around 200°C. Two major reduction peaks
corresponding to temperatures at 375°C and 500°C can be attributed to the two-step reduction of
MnO2 to Mn2O3 (Mn4+ → Mn3+) and Mn2O3 to Mn3O4 (Mn3+ → Mn2+), respectively.11 For HM58

DCM, the TPR profile showed only one broad peak of hydrogen consumption between 425 550°C, which can be considered as the overlap of the two-step reductions, and higher starting
temperature than HM-PSF at around 275°C. The HM-PCR catalyst showed a slight H2
consumption between 350 - 550°C and a major consumption peak after 550°C, which indicated
the lowest reducibility and reactivity of HM-PCR among the three catalysts. Overall, the results of
reducibility also showed agreement with the reactivity following the order of HM-PSF > HMDCM > HM-PCR.
Oxygen Temperature Programmed Desorption (O2-TPD)
The oxygen desorption tests of each manganese oxide catalyst were characterized with
temperature programmed desorption (TPD) to study the desorbed oxygen species from the active
materials. In general, the oxygen peak in the TPD profile can be classified as low temperature
(200-400°C), medium temperature (400-600°C), and high temperature (above 600°C).12 As
shown in Figure 4.7(b), the oxygen peak in the low-temperature region was ascribed to the
evolution of chemisorbed oxygen species weakly bonded on the material surface (O- and O2-). The
oxygen peak shown in the medium and high-temperature regions were due to the oxygen evolved
from the lattice layer near the catalyst surface and bulk lattice oxygen, respectively.13 In the
medium temperature region, a clear broad peak was observed for HM-PSF from 400 to 575°C,
which revealed a dominant amount of near-surface lattice oxygen. The profile of HM-DCM also
showed a small peak at around 500°C. For HM-PCR, the oxygen peak was visible but weakly
resolved. In the high-temperature region, the bulk lattice oxygen peaks for three catalysts were
detected in the sequence of HM-PSF (630°C) < HM-PCR (670°C) < HM-DCM (675°C), which
could be related to the Mn-O bond strengths of these catalysts.14
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Figure 4.7 (a) H2-TPR profiles and (b) O2-TPD profiles of HM-DCM, HM-PSF, and HM-PSF.

4.5

Robustness Test
All nano-array based and powder based monolithic catalysts were sonicated in water for

10 h using a Branson 3210 Ultrasonic Cleaner with 50 kHz frequency. As shown in Figure 4.8,
the three nano-array based monolithic catalysts maintained 90% coating of active materials on the
substrates even after 10 h sonication, but the three dip-coated monolithic catalysts lose more than
65% of the coated materials with only 2 h sonication.
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Figure 4.8 Weight measurement of nano-array based and powder based monolithic catalysts after
sonication in water.

4.6

Preliminary Study of Continuous Flow Synthesis for Scaling-up Nanoarray-Based
Monolithic Catalysts
In general, manganese oxide nanoarrays can be synthesized using chemical vapor

deposition (CVD), electrochemical deposition (ED), and chemical bath deposition (CBD) with or
without templates, e.g. anodic aluminum oxide (AAO) and carbon nanotubres (CNTs). Those
synthetic techniques limit the sizes of the desired devices due to the volume of reactors, like
heating chamber of CVD, and solution bath of ED and CBD. For the nanoarray-based monolithic
catalysts, the sizes of monolithic catalysts are also depending on the capacity of the reactor used
in the designed hydrothermal reactions. In order to fit pratical industrial manufactorring process,
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a scalable synthetic strategy is important for the fabrication of nanoarrays on the cordierite
substrates. Compared to CVD and ED techniques, solution process is usually considered as a more
cost-effective and scalable method for nanomaterial synthesis.15 Therefore, a system of continuous
flow synthesis based on a water bath heator was designed by Gao and co-workers in order to scaleup reaction for bigger cordierite substrates.16 By this continuous flow system, uniform ZnO
nanoarrays with average lengths ~ 10 µm were in situ grown on cordierite substrates with
diameters ~ 5 inch using a continuous flow synthesis and homogeneously covered inside the
channels of honeycomb monoliths.
The manganese oxide nanoarrays grown by solution based reactions were already
demonstrated by our previous results. A similar equipmental setup of continuous flow synthesis
as shown in Figure 4.9 was built up for continuous flow synthesis of MnO2 nanoarrays.

Figure 4.9 Schematic diagram of the continuous flow synthetic system.
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Figures 4.10(a) and 4.10(b) exhibited the size and exterior of cordierite substrate used in
the continuous flow synthesis of manganese oxide nanoarrays. The cordierite substrate was shaped
to a cylindrical monolith with a 2 inch (~ 5.08 cm) diameter and 1 inch (~ 2.54 cm) height. In
Figures 4.10(c)-(f), the random picked four spots of manganese oxide nanoarrays grown on
cordierite display consistent morphologies, which indicate the setup of continuous flow synthesis
can scale-up the synthetic process of MnO2 nanoarrays.

Figure 4.10 (a) and (b) the exterior of cylindrical cordierite honeycomb monoliths. (c) - (f) SEM
images of uniformly covered MnO2 nanoarrays the monolithic substrate synthesized by continuous
flow synthesis.
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4.7

Discussion
Different oxidants significantly influenced the morphology, crystal structure, and catalytic

performance of manganese oxide nanorods. The differences in redox potential between manganese
ion and oxidants determined the growth rate of manganese oxide crystals. The redox potential of
Cr2O7-/Cr3+ (1.33V) which was slightly higher than Mn4+/Mn2+ (1.23 V) resulted in a slow reaction
rate. The hydrothermal method also provided a mild and stable environment for the growth of
highly crystalline prism rods. The chlorate anion had a higher reduction potential (ClO3-/Cl2, 1.49
V) than the dichromate and prompted the faster growing rate. Among the three oxidants,
manganese oxides with the longest nanorods (~ 5 µm) were synthesized using potassium chlorate.
Potassium persulfate can synthesize nanorods in a shorter time (< 6 h) by its high reduction
potential (S2O82-/SO42-, 2.01 V).
Among all the monolithic catalysts under study, the nano-array based catalysts presented
better CO reactivity than the powder based catalysts as shown in Figure 4.6(a). The thermal
removal of polymer binder using dip-coating methods might lead to an insufficient loading of
manganese oxides on cordierite substrates and thus decreased CO conversion of the catalysts of
PVP-DCM and PVP-PCR. Even with normalization by the loading weight in Figure 4.6(b), the
catalysts HM-PSF and HM-DCM still exhibited higher activities than PVP-PSF and PVP-DCM,
respectively. These results indicated that the open access feature of the nano-array based catalysts
is helpful to promote the catalytic performance of monolithic catalysts compared to the dip-coated
catalysts. The lower activity of HM-PCR than PVP-PCR shown in Figure 4.6(b) is due to a thick
seed layer deposited on the cordierite substrate, which was clearly shown in the array structure
[Figure 4.1(e)] while barely seen in the powder structure [Figure 4.1(h)]. The seed layer occupied
the majority of manganese oxide weight loading and contributed little activity to CO oxidation.
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The normalized activity of HM-PCR in Figure 4.6(c) was higher than most catalysts revealing the
significant effect from material loading and surface area. For the DCM series, the declined activity
of HM-DCM after 350°C was due to its lower thermal stability and structural transformation from
cryptomelane to bixbyite. This phenomenon explained the low activity of PVP-DCM after the
removal of the binder at 400°C.
For nano-array based monolithic catalysts, the HM-PSF catalyst presented superior
reactivity with a 100°C lower light-off temperature around 175°C than HM-DCM and HM-PCR
(275°C). The HM-DCM presented higher reactivity than HM-PCR after their activities were
normalized by the loading weight and surface area of active materials in Figure 4.6(c). The order
of reactivity is HM-PSF > HM-DCM > HM-PCR. Morphology and surface areas of monolithic
catalysts did not show direct relationships to the order of catalytic performance. The HM-DCM
with the highest surface area (138 m2/g) revealed lower reactivity for CO oxidation than HM-PSF
with the lowest surface area (54 m2/g). This result indicated there are more factors that control the
reactivity of the monolithic catalysts in this study.
In Figure 4.7(a), the H2-TPR profiles revealed that the initial consumption of hydrogen for
HM-PSF started at a lower temperature (~200°C) than HM-DCM (~300°C) and HM-PCR
(~400°C) and demonstrated that HM-PSF possesses higher reducibility of lattice oxygen and
reactivity for CO. The sequence of reducibility agreed with the normalized reactivity profiles
[Figure 4.6(b)] and the calculated activation energies in Figure 4.6(d) [HM-PSF (28.7 kJ/mol) <
HM-DCM (44.1 kJ/mol) < HM-PCR (54.1 kJ/mol)].
Further studies of O2-TPD and XPS provided more information to investigate the superior
catalytic reactivity of HM-PSF. As revealed in former research on CO oxidation by manganese
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oxides, the reactivity was influenced by multiple factors, e.g. surface adsorbed oxygen, oxidation
states of manganese, and lattice oxygen.17,18 Physically adsorbed oxygen species on the surface of
the catalyst, e.g. O2-, O-, and O22-, were usually considered as an aid for the gaseous oxidation.19
The O2-TPD profile of the HM-PSF in Figure 5(b) presented a clear desorption peak between 400
- 575°C indicating higher amounts of surface adsorbed oxygen than the other two catalysts which
benefitted the reactivity of CO oxidation. The other intense peaks in the higher temperature region
(above 575°C) corresponded to desorption of lattice oxygen from manganese oxides. The lower
releasing temperature of lattice oxygen for HM-PSF exhibited weaker Mn-O bonding strengths
and labile lattice oxygen which also led to the higher reducibility and CO reactivity.
The XPS results listed in Table 4.2 summarizes the binding energies (BEs) of Mn 2p3/2
and the oxygen components for each manganese oxide catalyst. Although the spectra of the Mn
2p3/2 were difficult to identify the amounts of Mn2+, Mn3+, and Mn4+, the increasing BEs of Mn
2p3/2 for HM-DCM (642.11 eV), HM-PCR (642.46 eV), and HM-PSF (642.53 eV) had the same
tendency as the ratios between Mn and O, HM-DCM (1.84), HM-PCR (1.87), and HM-PSF (1.97),
which suggested the O/Mn ratios and average oxidation states of manganese oxide increased with
the reduction potential of oxidant. Meanwhile, the higher manganese valence (Mn4+) led to more
surface adsorbed oxygen species and contributed to the CO oxidation.9 Data for HM-PSF with the
highest manganese state and obvious surface adsorbed oxygen from the O2-TPD test among the
three catalysts are in line with this correlation of oxidation state and activity. Comparing the
deconvoluted lattice oxygen signals (OL) from O 1s spectra, the descending BEs and ascending
percentages for HM-DCM (529.94 eV, 51.71%), HM-PCR (529.79 eV, 57.72%), and HM-PSF
(529.72 eV, 65.18%) demonstrated that increasing reduction potentials of oxidants cause certain
effects on the lattice oxygen in manganese oxide crystals. The higher percentages and lower
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binding energies of surface lattice oxygen in HM-PSF showed weaker Mn-O bonding strengths
important for CO oxidation, which agrees with the Mars-van-Krevelen mechanism that the surface
lattice oxygens of manganese oxide should be the major oxygen source in CO oxidation.20,21
Preliminary attempts of continuous flow synthesis for nanoarray fabrication showed
promising results to scale up the manganese oxide nanoarray-based monolithic catalysts. However,
extra precipitation of manganese oxide was found in the solution transferring tubing and the
bottom of the reactor. This phenomenon indicates the nucleation of manganese oxide not only
occurred on the cordierite substrates but also within precursor solution, which might be due to the
lengthy tubing and a higher temperature. Therefore, the flow rate and bath temperature of
continuous flow synthesis should be adjusted to narrow the region of nucleation and grow
nanoarrays on the substrates more precisely.

4.8

Conclusion
A synthetic strategy was developed to integrate nanorod arrays based on urchin-like

manganese oxide nanostructures onto channeled cordierite honeycomb monoliths. This one-pot
hydrothermal synthesis displayed the great potential to fabricate promising monolithic catalysts
for exhaust removal with good catalytic performance, high robustness, and scalability. Compared
to powder based manganese oxide monolithic catalysts, a series of nano-array based catalysts, i.e.,
HM-DCM, HM-PCR and HM-PSF possessed promoted catalytic performance due to increased
surface areas from their array architectures. The HM-PSF catalyst synthesized using potassium
persulfate as oxidant showed high reducibility with a low activation energy (28.7 kJ/mol), and
90% conversion of CO oxidation before 200°C (T90). The HM-DCM and HM-PCR can also reach
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full conversion at 325°C. Correlating the results of O2-TPD and XPS to the CO oxidation tests, the
relative higher ratio of the amount of lattice oxygen to that of surface adsorbed oxygen was found
to be the dominant factor, which contributed to the highest reactivity of HM-PSF among the three
manganese oxide monolithic catalysts.

4.9
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Chapter 5. Copper

Manganese

Oxide

Enhanced

Nanoarray-Based

Monolithic Catalysts for Hydrocarbons Oxidations

5.1

Introduction
In this study, copper manganese oxide (CuMn2O4) and nanoarray architecture were

combined to form CuMn2O4/nanoarray-based monolithic catalysts and evaluated by propane
(C3H8) oxidation. The previously reported manganese oxide nanoarray, HM-PCR, was grown on
the cordierite substrate as core supports without using any binder.1 CuMn2O4 and cobalt ion (Co2+)
doped CuMn2O4 were precipitated on HM-PCR nanoarrays by mild hydrothermal reactions for
uniform

coatings

and

denoted

as

NA-CuMn2O4,

NA-Co0.36Cu0.64Mn2O4,

and

NA-

Co0.53Cu0.47Mn2O4 depending on the composition tests by inductively coupled plasma-mass
spectrometry (ICP-MS). All three catalysts possessed CuMn2O4 based compositions with low
crystallinity and nearly amorphous phases and high conversion of hydrocarbon oxidations.
Incorporation of trace cobalt ions led to Cu replacement by Co, enhanced reactivity at low
temperature, increased surface area, faster precipitation rate, and compromised thermal stability.
To understand the catalytic contribution from nanoarray structures, monolithic catalysts loaded
with the same CuMn2O4 and CoxCu1-xMn2O4 materials were prepared by a wash-coating method
using alumina powder (α-Al2O3) as support. An additional Pd-loaded catalyst was used to compare
with PGMs-based catalysts as well. Further studies of nitrogen isothermal adsorption, X-ray
photoelectron spectroscopy (XPS), and hydrogen temperature-programmed reduction (H2-TPR)
showed that there was increased surface area and lattice oxygen mobility of Co-doped CuMn2O4
catalysts that were correlated closely to the catalytic performance.
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5.2

Characterization Studies of CuMn2O4 Coated Nano-Arrays Based Monolithic
Catalysts

5.2.1

Morphology of Nano-Arrays (SEM)
The core manganese oxide nanoarrays, HM-PCR, were fabricated on the cordierite

honeycomb monoliths following previous work as shown in Figure 5.1(a), 5.1(e), and 5.1(i). The
HM-PCR nanoarrays had average lengths of ~ 5 µm and diameters of ~ 50 nm. Through
hydrothermal reactions, transition metal oxide layers of CuMn2O4, and Co-doped CuMn2O4
(Co0.36Cu0.64Mn2O4 and Co0.53Cu0.47Mn2O4) were coated uniformly on the HM-PCR nanoarrays
without influencing the array architectures, Figure 5.1(b)-(d) and Figure 5.1(f)-(h). The crosssection SEM images shown in Figure 5.1(j)-(l) revealed that all three CuMn2O4 materials were
coated uniformly upon each nanorod of HM-PCR nanoarrays from top to bottom. All HM-PCR
nanorod arrays inside the channels of cordierite substrates were fully covered by the coatings. The
thickness of all of the CuMn2O4 coatings is controllable by adjusting reaction conditions of
hydrothermal synthesis, i.e. temperature, time, concentration, and Co amount. In general, the
average thickness of the CuMn2O4 coating can reach 100 nm with 30 h hydrothermal reaction, but
only 4 h with addition of 1% Co and 1 h with 2% Co, respectively. Both core nanoarrays and
CuMn2O4 coatings were stable on cordierite substrates without obvious detachment after 2 h of
sonication in water.
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Figure 5.1 SEM images of nanoarrays HM-PCR with and without CuMn2O4 coatings by on the
cordierite substrate. Column (a) HM-PCR, (b) NA-CuMn2O4, (c) NA-Co0.36Cu0.64Mn2O4, and (d)
NA-Co0.53Cu0.47Mn2O4. Upper and middle rows showed top-view images; lower row showed
cross-section images.
5.2.2

Crystal Structure (XRD & TEM)
X-ray diffraction (XRD) was conducted on the powders collected from each hydrothermal

reaction to identify their crystal structures (Figure 5.2), because the intensities of the diffraction
patterns from the cordierite substrate were much stronger than the diffraction patterns from the
manganese oxide arrays, HM-PCR, and coating material, CuMn2O4. XRD patterns Figure 5.2(a)
reveals that the core nanoarrays grown on the cordierite substrates can be indexed to the
cryptomelane manganese oxide (K2-XMn8O16, tetragonal, a = b = 9.82 Å and c = 2.85 Å, JCPDS:
29-1020). The XRD patterns of CuMnOx series only display two diffraction peaks at around 36°
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and 66° (2Ɵ angle) respectively indexed to the (311) and (531) planes as cubic CuMn2O4 (JCPDS:
74-2422). With heat treatment to 400 °C, the series of CuMn2O4 materials still maintained
relatively low crystallinity as compared to a traditional spinel crystal structure indicating their
near-amorphous structures.2,3 The XRD patterns of each catalyst calcined at a varied temperature
from 300 to 500 °C were shown in Figure 5.2(b)-(d). All three materials started to reveal full
diffraction patterns of the hopcalite structure after calcination at 500 °C for 2 h. Two diffraction
peaks of MnO2 at around 13° and 66° respectively indexed to the (110) and (310) planes were only
shown in the two Co-doped catalysts.

Figure 5.2 (a) XRD patterns of each powder collected from HM-PCR, NA-CuMn2O4, NACo0.36Cu0.64Mn2O4, and NA-Co0.53Cu0.47Mn2O4 coating reactions. And XRD patterns of (b) NACuMn2O4, (c) NA-Co0.36Cu0.64Mn2O4, and (d) NA-Co0.53Cu0.47Mn2O4, calcined at 300, 400, and
500 °C.
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In Figures 5.3(a) – (c), the transmission electron microscopy (TEM) studies exhibit that
all three CuMn2O4 coatings were composed by tiny nanosheets and grown uniformly along the
nanorods of HM-PCR. Figures 5.3(d) – (f) reveal that the average sizes of nanosheets are bigger
with an increasing amount of Co ions. The TEM images confirm that CuMn2O4 coatings are not
completely amorphous but still difficult to measure the lattice fringes of CuMn2O4 nanosheets.

Figure 5.3 HR-TEM images of manganese oxide nanorods scratched from the as-synthesized
monolithic cordierite substrate for (a) & (d) NA-CuMn2O4, (b) & (e) NA-Co0.36Cu0.64Mn2O4, and
(c) & (f) NA-Co0.53Cu0.47Mn2O4.
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5.2.3

Elemental Compositions (ICP-MS)
Studies of XRD and TEM reveal all three copper manganese oxides from hydrothermal

reactions possessing low crystallinity and are nearly amorphous. ICP-MS tests were conducted to
analyze the elemental ratios between Cu and Mn of each copper manganese oxides. Table 5.1 lists
elemental ratios (Mn, Cu, K, and Co) of each copper manganese oxide material. The Cu to Mn
ratio of undoped copper manganese oxide (NA-CuMn2O4) was closed to 1 : 2, which indicated its
chemical formula should be identified as CuMn2O4. For the Co-doped CuMn2O4 materials, the
percentage of Cu decreased dramatically with an increasing amount of Co ions, but the percentage
of Mn only had a slight change. The detected Co ions from NA-Co0.36Cu0.64Mn2O4 and NACo0.53Cu0.47Mn2O4 are almost ten times the designed amounts showing that the Co-O-Mn was
preferred to be formed during the hydrothermal reaction rather than Cu-O-Mn. These results are
consistent with the general concept that Co2+ can replace Cu2+ in tetrahedral sites and Co3+ can
substitute for Mn3+ in octahedral sites of the CuMn2O4 lattice.4

Table 5.1 Elemental components of CuMn2O4 based coating layers (%).
Sample ID
NA-CuMn2O4
NA-Co0.36Cu0.64Mn2O4
NA-Co0.53Cu0.47Mn2O4

Mn
64.9
65.7
64.0

Cu
35.1
22.1
16.9

The - entries signify not applicable or measured.
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Co
12.3
19.2

Total
100.0
100.0
100.0

5.2.4

Surface Area (BET)

Table 5.2 Average Weight (W, g/L), loading percentages (%) of active materials, and Brunauer–
Emmett–Teller (BET) surface areas (SA, m2/g)

Sample ID

Support
material
type

Average
W of
monolith
catalysts
(g/L)

W% of materials loading on
monolithic substrates (%) a
CuMn2O4

Support

Total

SA of
monolithic
catalysts
(m2/g)

SA of MO
removed
substrates
(m2/g)

SA’ of
active
materials
(m2/g)

-

-

-

0.5

-

-

Uncoated cordierite
substrate

-

MnO2 array (HM-PCR)

-

492

-

-

15

36

40

10

NA-CuMn2O4

HM-PCR

596

12

15

27

35

35

63

NA-Co0.36Cu0.64Mn2O4

HM-PCR

612

9

13

22

37

31

126

NA-Co0.53Cu0.47Mn2O4

HM-PCR

564

9

9

18

43

27

218

-

-

-

-

-

-

26

WC-CuMn2O4

α-Al2O3

808

8

31

39

12

-

46

WC-Co0.36Cu0.64Mn2O4

α-Al2O3

852

8

34

42

15

-

75

WC-Co0.53Cu0.47Mn2O4

α-Al2O3

806

8

31

39

17

-

113

α-Al2O3 powder
(commercial)

a

All MnO2 and CuMn2O4 materials were removed by aqueous oxalic acid solution.

The - entries signify not applicable or measured.

Table 5.2 summarizes the weight loading percentages and surface areas (SA) of both
nanoarray-based monolithic catalysts and wash coated monolithic catalysts. Nanoarray-based
monolithic catalysts with CuMn2O4 coatings have surface areas between 35-43 m2/g, and wash
coated monolithic catalysts are around 12-17 m2/g. Overall, the surface areas of all monolithic
catalysts follow the order of NA-Co0.53Cu0.47Mn2O4 > NA-Co0.36Cu0.64Mn2O4 > NA-CuMn2O4.
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However, both nanoarray-based and wash coated monolithic catalysts have a portion of the surface
area contributed by their core support, MnO2 nanoarrays, and α-Al2O3, respectively. The cordierite
substrates of nanoarray core, HM-PCR also have a partial etching by acid during hydrothermal
reactions. Therefore, the surface areas of the core supports and uncoated substrates (cordierite)
were subtracted from the surface area of nanoarray-based and wash-coated monolithic catalysts
using respectively Equations 5.1 and 5.2 to obtain the recalculated surface area of CuMn2O4
coatings and powders (SA’).
𝑆𝐴𝑟𝑟𝑎𝑦 =
𝑆𝑊𝐶 =

𝑆𝑀 ×𝑊𝑀 −𝑆𝐵𝐶 ×𝑊𝐵𝐶 −𝑆𝑃𝐶𝑅 ×𝑊𝑃𝐶𝑅
𝑊𝐴𝑟𝑟𝑎𝑦

𝑆𝑀 ×𝑊𝑀 −𝑆𝐵𝐶 ×𝑊𝐵𝐶 −𝑆A𝑙𝑂 ×𝑊𝐴𝑙𝑂
𝑊𝑊𝐶

(Equation 5.1)

(Equation 5.2)

In Equations 5.1 and 5.2, SArray and WArray are the surface areas and weights of CuMn2O4 material
coatings on the HM-PCR core nanoarrays, respectively; SWC and WWC are used for the wash coated
monolithic catalysts; SM and WM are used for the whole monolithic catalysts; SBC and WBC refer to
the uncoated cordierite substrate; SPCR and WPCR refer to the core nanoarrays, HM-PCR; SAlO and
WAlO refer to the α-Al2O3 support powder.
After subtraction of core supports and cordierite substrates, the recalculated surface area
of the CuMn2O4 coatings show the same trend as monolithic catalysts, NA-Co0.53Cu0.47Mn2O4 >
NA-Co0.36Cu0.64Mn2O4 > NA-CuMn2O4, but the surface areas of CuMn2O4 coatings applied on
nanoarray-based monolithic catalysts are much higher than CuMn2O4 powders on wash coated
monolithic catalysts, i.e. NA-Co0.53Cu0.47Mn2O4 (218 m2/g) > WC-Co0.53Cu0.47Mn2O4 (113 m2/g).
Correlating the surface areas to their morphologies in Figure 5.1, the results indicates that the
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CuMn2O4 coatings on nanoarray architectures are able to maintain high surface-to-volume ratio
(Figure 5.1(d)-(f)) rather than aggregation to large particles as shown in Figures 5.1(g)-(i).
5.2.5

Surface composition and oxidation state (XPS)
XPS was used to obtained detailed valence states of the major component in these catalysts.

Spectra in Figure 5.4 illustrate the surface elemental compositions of the powder collected from
hydrothermal

coating

reactions

of

NA-CuMn2O4,

NA-Co0.36Cu0.64Mn2O4,

and

NA-

Co0.53Cu0.47Mn2O4. All binding energies (BEs) correspond to the peaks of Mn 2p, Cu 2p, Co 2p,
and O 1s and are summarized in Table 5.3. In Figure 5.4(a), the Mn 2p3/2 peaks at around 641 eV
indicate that the Mn3+ is the majority of Mn in each CuMn2O4 material.5 The Cu 2p spectra in
Figure 5.4(b) are characterized by the peaks of Cu 2p3/2 (932 eV) and Cu 2p1/2 (952 eV), and
observable satellite peaks at around 940 eV and 962 eV, which correspond to Cu2+; with no
obvious peaks from Cu0 and Cu+ detected.6,7 In Figure 5.4(c), the respective Co 2p3/2 and Co 2p1/2
peaks at around 780 eV and 795 eV are accompanied with satellite peaks at 786 eV and 806 eV
due to the major valence of Co to Co2+.7 Detectable shoulders at around 782 eV indicate the minor
existence of Co3+ in catalysts. The Shirley function was not applied to correct the background of
Cu 2p and Co 2p spectra due to the overlap of Mn LMM (945 eV) and Mn 2s peaks (772 eV),
respectively. The O 1s spectra in Figure 5.4(d) were deconvoluted into three Gaussian peaks due
to oxygen bonding of Cu-O (529.4 eV), Mn-O (531.4 eV), and surface adsorbed oxygen species
(532.5 eV, i.e. OH-).5
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Figure 5.4 X-ray photoelectron spectroscopy (XPS) analysis of (a) Cu 2p and (b) Mn 2p of
CuMn2O4 and Co0.36Cu0.64Mn2O4 collected from each hydrothermal reaction.
Table 5.3 Summary of Binding Energies (BEs) of Cu, Mn, and Co from the XPS Spectra
Binding Energy (eV)
Mn 2p3/2 (%)
Sample ID
NA-CuMn2O4

NA-Co0.36Cu0.64Mn2O4

NA-Co0.53Cu0.47Mn2O4

Mn3+

Mn4+

641.4

644.0

(85.2)

(14.8)

641.3

644.2

(76.3)

(23.7)

641.1

644.1

(76.9)

(23.1)

Cu 2p3/2

Co 2p3/2 (%)

Cu2+

Co2+

Co3+

933.5

-

-

780.2

932.7

932.3

The - entries signify not applicable or measured.
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O 1s (%)
OCu

OMn

OMn

529.7

531.4

532.6

(62.2)

(24.1)

(13.7)

782.2

529.4

531.4

(68.3)

(31.7)

(54.6)

(45.4)

779.8

781.9

529.2

531.1

532.5

(67.6)

(32.4)

(58.5)

(32.1)

(9.4)

-

5.2.6

Thermal Stability (TGA)
Thermogravimetric analysis (TGA) studies of the three powder-form materials collected

from each hydrothermal reaction are shown in Figure 5.5 with sample weight percentage as a
function of temperature. The TGA profiles show a weight loss between 25 and 200 °C that is due
to the release of physisorbed water molecules. The slight weight change between 200 and 400 °C
is due to the evolution of lattice oxygen near the surface. The weight loss between 450 and 550 °C
was caused by the crystallization of hopcalite (CuMn2O4) and spinel (Mn3O4) according to XRD
patterns at high temperature. Co0.36Cu0.64Mn2O4 shows more weight loss as compared to CuMn2O4
and Co0.53Cu0.47Mn2O4 indicating lower thermal stability among the three materials.

Figure 5.5 Thermogravimetric analysis (TGA) of coating materials, CuMn2O4, Co0.36Cu0.64Mn2O4,
and Co0.53Cu0.47Mn2O4 collected from each hydrothermal reaction.
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5.3

Catalytic Performance (C3H8 Oxidations)
The catalytic performance of the CuMn2O4 coated nanoarray-based, and wash-coated

monolithic catalysts were studied using propane (C3H8) with a space velocity of 24,000 h-1 as
shown in Figure 5.6(a) compared to a Pd/α-Al2O3 wash-coated monolithic catalyst and core array,
HM-PCR. In general, the nanoarray-based monolithic catalysts had better catalytic performance
than both Pd and CuMn2O4 wash-coated monolithic catalysts. All the three CuMn2O4 coated
nanoarray-based monolithic catalysts, NA-CuMn2O4, NA-Co0.36Cu0.64Mn2O4, and NACo0.53Cu0.47Mn2O4 possessed good reactivity with light-off temperature (T50) around 300°C, 25 °C
lower than the wash-coated catalysts, WC-Co0.36Cu0.64Mn2O4 (325°C) and 50 °C lower than NACuMn2O4 and the Pd loaded catalyst, WC-Pd (350°C). Among the three nanoarray-based
monolithic catalysts, the NA-CuMn2O4 presented the highest reactivity to C3H8 oxidation and
reached 90% conversion at 400°C, which was 50 °C lower than the Co-doped catalysts, NACo0.36Cu0.64Mn2O4 and NA-Co0.53Cu0.47Mn2O4 (450°C).
For a comparison among wash-coated monolithic catalysts, the catalyst loaded CuMn2O4
powders also revealed better catalytic performance than the Pd loaded catalyst. The wash-coated
catalyst, WC-CuMn2O4, had similar T50 with WC-Pd around 360°C, but lower T90 (450 °C <
500°C). The catalysts with Co doping were able to increase conversion at the lower temperature
region and obtain a T50 at 325°C. The temperature of nanoarray-based catalysts for 90% conversion
(T90) was around 400°C, at least 25 °C lower than the wash-coated catalysts, WC-CuMn2O4
(450°C), WC-Co0.36Cu0.64Mn2O4 (475°C), and WC-Pd (475°C).
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Figure 5.6 (a) Catalytic performance of nanoarray-based and wash-coated monolithic catalysts for
C3H8 oxidation; (b) the calculated activities as a function of temperature; (c) the calculated
activities normalized by surface area as a function of temperature; (d) the Arrhenius plot of the
reaction kinetics and the calculated activation energies.

Due to different precipitation, rates and the loading ratio of CuMn2O4 from hydrothermal
reactions and wash-coating, the conversion curves of monolithic catalysts were normalized by
loading weight as shown in Figure 5.6(b). With normalization using the exact coating weight, the
order of normalized activity was NA-Co0.53Cu0.47Mn2O4 > NA-Co0.36Cu0.64Mn2O4 > NA-CuMn2O4.
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Each CuMn2O4 coated nanoarray-based catalysts still possess higher activities than their washcoated catalysts, which proves that the nanoarray morphology is enhanced the catalytic
performance of C3H8 oxidations.
For further comparison among the CuMn2O4 and Co-doped CuMn2O4 materials, their
activities were normalized simultaneously with both surface area and weight loading amount.
Figure 5.6(c) shows a totally opposite trend of normalized activities, and NA-CuMn2O4 reveals a
higher activity than Co-doped CuMn2O4. The order of normalized activity became NA-CuMn2O4
> NA-Co0.36Cu0.64Mn2O4 > NA-Co0.53Cu0.47Mn2O4, which is opposite the order of surface area
indicating the importance of the surface area to the catalytic performance in this study.
The calculated activation energies of each monolithic catalyst were summarized in the
Arrhenius plot, Figure 5.6(d). Overall, for both nanoarray-based or wash-coated catalysts,
monolithic catalysts with cobalt ions doping have lower activation energies than the pure CuMn2O4
catalysts. For wash-coated catalysts, the activation energies decrease with the increasing doping
amount of cobalt ions, WC-CuMn2O4 (93.1 KJ/mol) > WC-Co0.36Cu0.64Mn2O4 (90.9 KJ/mol) >
WC-Co0.53Cu0.47Mn2O4 (84.6 KJ/mol). For nanoarray-based catalysts, the order of their activation
energies is NA-CuMn2O4 (98.2 KJ/mol) > NA-Co0.53Cu0.47Mn2O4 (87.1 KJ/mol) > NACo0.36Cu0.64Mn2O4 (62.1 KJ/mol). The 1% Co-doped nanoarray-based catalyst possesses the
lowest activation energy among all catalysts, which agrees with its lowest light-off temperature
(~300°C) as shown in Figure 5.6(a).
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5.4

Temperature Programmed Reduction and Desorption (TPR & TPD)

Hydrogen Temperature Programmed Reduction (H2-TPR)
The hydrogen temperature programmed reduction (H2-TPR) was conducted to study the
relative effect of cobalt ion doping on the reducibility of CuMn2O4 based monolithic catalysts. The
two typical consecutive peaks at around 260 °C and 350 °C in Figure 5.7(a) show an H2-TPR
profile that is consistent with the results of Jones et al. and Cai et al. and attributed to the reduction
of Cu2+  Cu+ and Mn3+  Mn2+, respectively.8,4 The broadened reduction peaks compared to
those results is due to the open channel configuration of monolithic samples. In Figures 5.7(b)
and 4.7(b), the reduction of cobalt ions (Co3+  Co2+) slightly changed the profile shape of
CuMn2O4 and led to diminished troughs around 300 °C and small humps around 350°C. With Co
doping, NA-Co0.36Cu0.64Mn2O4 and NA-Co0.53Cu0.47Mn2O4 showed relatively lower starting
temperatures in H2-TPR tests, which followed the same tendency as their activation energies, NACo0.36Cu0.64Mn2O4 < NA-Co0.53Cu0.47Mn2O4 < NA-CuMn2O4.

Figure 5.7 H2-TPR profiles of monolithic catalysts, (a) NA-CuMn2O4, (b) NA-Co0.36Cu0.64Mn2O4,
and (c) NA-Co0.53Cu0.47Mn2O4.
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Oxygen Temperature Programmed Oxidation (O2-TPD)
The nature of oxygen species in coated CuMn2O4 materials was investigated using oxygen
temperature programmed desorption (O2-TPD) experiments. Overall, the three catalysts had
similar starting temperatures of oxygen evolution around 350°C. Between 350-750°C, each O2TPD profile can be separated into three regions: (I) 350-540°C, (II) 540-660°C, and (III) 660750°C, according to the major desorption peaks.
Figure 5.8(a) of CuMn2O4 only presents two oxygen desorption peaks in regions I and II,
which are due to bulk lattice oxygen evolution from metal-oxygen bonding, Cu-OL and Mn-OL.
But Figures 5.8(b) and 5.8(c) show that Co-doped CuMn2O4 catalysts have clear desorption peaks
in Region III indicating oxygen evolution from Co-OL bonding. The relative intensities of
desorption peaks in the region I and region III also varied with the change of Cu and Co amounts
in the catalysts NA-Co0.36Cu0.64Mn2O4 and NA-Co0.53Cu0.47Mn2O4. For example, the NACo0.53Cu0.47Mn2O4 catalyst possesses the smallest amount of copper and highest amount of cobalt
compared to the NA-Co0.36Cu0.64Mn2O4 catalyst. Then the O2-TPD profile shows a lower intensity
peak in the region I and a higher peak in region III as well. Morales et al. also showed an analogous
result of the varied ratio between Cu and Mn in MnxCuy mixed oxides.9 These results indicate that
the three regions of lattice oxygen evolution in those O2-TPD profiles could be distinguished as
follows, (i) region I (350-540°C): Cu-OL, (i) region I (540-660°C): Mn-OL, and (i) region I (660750°C): Co-OL.
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Figure 5.8 O2-TPD profiles of monolithic catalysts, (a) NA-CuMn2O4, (b) NA-Co0.36Cu0.64Mn2O4,
and (c) NA-Co0.53Cu0.47Mn2O4.

5.5

Discussion

5.5.1

Synthesis and morphologies
The cryptomelane MnO2 nanoarray HM-PCR, synthesized using manganese sulfate

(MnSO4) and potassium chlorate (KClO3), was chosen as the core support due to the high lengthto-diameter ratio (average length of 5 µm and diameter of 50 nm). The appropriate interspace
between the rods provided enough room for the growth of CuMn2O4 layers without sacrificing the
active surface. Additional advantages, like the simple procedure, potential scalability, high
robustness, and good stability in hydrothermal reactions ensured that nanoarray HM-PCR never
affected the secondary transitional metal oxide coatings during the synthesis.
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The mild conditions of the hydrothermal coating synthesis of NA-CuMn2O4, e.g. neutral
solution, low temperature, and slow precipitation rate, led to the uniform and tunable thickness of
CuMn2O4 layers from top to bottom of the whole HM-PCR nanoarrays. The introduction of cobalt
ions accelerated the precipitation rate to obtain the same thickness of coating layers in a shorter
reaction time. Correlating the elemental ratio between Co and Cu ions in NA-Co0.36Cu0.64Mn2O4
and NA-Co0.53Cu0.47Mn2O4 from ICP-MS tests (Table 5.1), Co ions replaced the Cu ions in the
CuMn2O4 system due to the more energetically favorable formation of Co-O bonds (ΔHf = 368
KJ/mol) than Cu-O bonds (ΔHf = 343 KJ/mol). This resulted in more Co observed in the materials
than expected.
5.5.2

Catalytic performance
Propane (C3H8) oxidations were conducted to evaluate the catalytic performance of all

nanoarray-based and wash-coated monolithic catalysts as shown in Figure 5.1. The Pd/Al2O3
wassh-coated catalyst (WC-Pd) was used as a state-of-art monolithic catalyst to compare with our
CuMn2O4 coated catalysts. In Figure 5.6(a), all CuMn2O4 based monolithic catalysts exhibit lower
light-off temperatures (T50) and 90% conversion temperatures (T90) than the Pd loaded catalyst,
WC-Pd, indicating the high reactivity to hydrocarbons of the CuMn2O4 coatings.
The promoted activities by open surfaces of nanoarray architectures were examined by
comparing the normalized weight activities of both nanoarray-based and wash-coated catalysts
shown in Figure 5.6(b). The three nanoarray-based catalysts revealed higher activities of C3H8
oxidation than each correlated wash-coated monolithic catalyst. Among the nanoarray-based
catalysts, the order of reactivity is NA-Co0.53Cu0.47Mn2O4 ~ NA-Co0.36Cu0.64Mn2O4 > NACuMn2O4, as the same tendency as wash-coated catalysts. The two Co-doped catalysts have similar
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reactivity but higher than the pure CuMn2O4 catalyst below 350 °C showing the enhanced
reactivity by the incorporation of Co ions in the low-temperature region.10
To understand the effect from increased surface area, the reactivity in Figure 5.6(b) was
further normalized by recalculating the surface area in Table 5.2 and is illustrated in Figure 5.6(c).
The opposite trend of normalized reactivity in Figure 5.6(c) indicated that the promoted reactivity
of the two Co-doped catalysts was due to the increase of surface area, which was proportional to
the amount of Co incorporation.
The calculated activation energies (Ea) were listed in Figure 5.6(d) with the increasing
order NA-Co0.36Cu0.64Mn2O4 (62.1 KJ/mol) < NA-Co0.53Cu0.47Mn2O4 (87.1 KJ/mol) < NACuMn2O4 (98.2 KJ/mol), which has the same tendency with the study of Salker et al. in 2000.11
CoxCu1-xMn2O4 catalysts were tested with varied Co/Cu ratios (x = 0.0, 0.3, 0.5, 0.7, and 1.0) and
indicated the catalysts with x = 0.3 and 0.7 show a relatively higher reactivity than catalysts with
x = 0.0, 0.5, and 1.0. Correlating the activation energies of nanoarray-based catalysts to the H2TPR profiles, the reduction peak of Co ions (Co2+ and Co3+) between Cu2+ and Mn3+ indicated
higher reducibility and oxygen mobility contributing to the lower Ea of Co incorporated catalysts
supported by O2-TPD results. The O2-TPD study not only shows the relative ratios of Cu-OL, MnOL, and Co-OL but are also related to the thermal stability of the catalysts. In Figure 5.8, the
evolution temperature of the Mn-OL lattice oxygen from Co0.36Cu0.64Mn2O4 (583 °C) is lower than
the other two materials (604 °C). These results agree with the TGA profiles in Figure 5.5 showing
that the Co0.36Cu0.64Mn2O4 material with 12% Co exhibited lower thermal stability than the
material with higher (Co0.53Cu0.47Mn2O4, 19%) and lower (CuMn2O4, 0%) amounts of Co
incorporation. The lower evolution temperature of lattice oxygen is due to weaker Mn-OL bond
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strength and higher oxygen mobility, both beneficial to propane oxidations which follow the Marsvan Krevelen mechanism.12
Utilizing different supports and preparation methods, the nanoarray-based catalysts
showed higher monolithic SA (35 – 43 m2/g) with less weight percentage of the core nanoarrays
(9 – 15%) compared to the wash-coated catalysts with alumina powder support (SA: 12 – 17 m2/g,
loading: 31 – 34%). In addition, the recalculated SA of NA-Co0.53Cu0.47Mn2O4 from the nanoarraybased catalyst (218 m2/g) is almost double the SA than the wash-coated catalyst (113 m2/g). This
result indicates that the core nanoarrays provide a good template for CuMn2O4 to prevent
aggregation and efficiently maintain the high surface area, maximizing active sites.
5.5.3

Oxidation States
The XPS study reveals the oxidation states of metal elements near the surface, which play

an important role influencing catalytic reactivity. The major oxidation states of Mn, Cu, and Co
were determined as Mn3+, Cu2+, and Co2+, respectively, depending on their binding energies (BEs)
and corresponding satellite peaks as shown in Figures 5.4(a)-(c). The BEs of Mn3+, Cu2+, and O2for all catalysts decreased with increased contents of Co2+ suggesting that the incorporation of Co
might enhance the mobility of lattice oxygen.
For the two Co-doped catalysts, Co0.36Cu0.64Mn2O4 and Co0.53Cu0.47Mn2O4, the existence
of Mn LMM peaks in Cu 2p spectra [(Figure 5.4(b)] and Mn 2s peaks in Co 2p spectra [(Figure
5.4(c)] made it more difficult to distinguish the composition of Cu 2p3/2 and Co 2p3/2 peaks.
However, as shown in Figure 5.4(c), the relatively higher intensity of the Mn 2s signal was
obtained from the Co0.36Cu0.64Mn2O4 catalyst than for Co0.53Cu0.47Mn2O4 showing that the
Co0.36Cu0.64Mn2O4 material possessed a higher surface concentration of Mn.
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In Figure 5.4(d), the O 1s peak of Co0.36Cu0.64Mn2O4 was only deconvoluted to two wellfitting peaks for lattice oxygens of Cu-O and Mn-O rather than three peaks as with CuMn2O4 and
Co0.53Cu0.47Mn2O4. This result suggests that the Co0.36Cu0.64Mn2O4 material had trace surface
adsorbed hydroxyl species (OH-) but a relatively higher percentage of Mn-O (45.4%) than the
other two catalysts, CuMn2O4 and Co0.53Cu0.47Mn2O4. The order of Mn-O percentage in catalysts,
Co0.36Cu0.64Mn2O4 (45.4%) > Co0.53Cu0.47Mn2O4 (32.1%) > CuMn2O4 (24.1%), revealed a
reversed tendency of activation energies of monolithic catalysts shown in Figure 5.4(d),
Co0.36Cu0.64Mn2O4 (62.1 KJ/mol) < Co0.53Cu0.47Mn2O4 (87.1 KJ/mol) < CuMn2O4 (98.2 KJ/mol).

5.6

Conclusion
A series of CuMn2O4/nanoarray-based monolithic catalysts were successfully fabricated

by applying CuMn2O4 nanosheets to the HM-PCR nanoarrays. The new catalysts have
hydrothermal durability and loading capability of HM-PCR nanoarrays for an additional
transitional metal oxide layer. The CuMn2O4/nanoarray-based monolithic catalysts combined the
high reactivity of CuMn2O4 materials and open surface effect of nanoarray architecture to provide
better catalytic performance for C3H8 oxidation. Compared to wash-coated catalysts, nanoarrays
replaced the use of alumina supports and efficiently reduced the integrated weight of monolithic
catalysts. The incorporation of cobalt ions increased the material surface area (63 m2/g  218
m2/g) and lower activation energies (98.2 KJ/mol  62.1 KJ/mol) but compromised the thermal
stability. The XPS study showed that the NA-Co0.36Cu0.64Mn2O4 catalyst had a higher
concentration of Mn-O bonding near the material surface, which might contribute to its better
catalytic performance. Different from traditional hydrothermal syntheses, all procedures were
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conducted in an open system reactor at atmospheric pressure revealing the potential of scalability
for industrial manufacturing processes.
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Chapter 6. Conclusions

In this study, a synthetic strategy based on urchin-like manganese oxide nanostructures was
developed to synthesize manganese oxide nanoarrays on 2D and 3D substrates. Two series of
nanoarray-based monolithic catalysts were fabricated using cryptomelane nanoarrays and
CuMn2O4-coated MnO2 nanoarrays as major active materials and evaluated by CO and C3H8
oxidations, respectively. This research exhibits several features of the transition metal oxide
nanoarray system and demonstrates a great potential to be applied in catalytic converters for
exhaust gas treatment.

(a) Simple fabrication for industry process
The one-pot hydrothermal synthetic strategy was first revealed for coating of manganese
oxide nanorod arrays on the cordierite honeycomb monolithic substrates. This synthetic
strategy can in-situ grow uniform manganese oxide nanorod arrays on cordierite substrates
without using mesoporous aluminum oxide as support.
(b) Material and weight saving
The manganese oxide nanorod arrays can directly bind on the substrates without applying
additional binders or supports, which can reduce cost, process steps, and materials.
(c) Enhancing catalytic performance
The nanorod array structures provide open surfaces to reagents, which can accelerate the
surface reaction and promote dynamic mass transfer to obtain a higher catalytic conversion.

93

(d) Acidic and hydrothermal tolerances
The synthesis procedures of nanoarrays and the CuMn2O4 coatings reveal the good acidic and
hydrothermal tolerances of the manganese oxide nanoarrays to bear further synthetic process.
(e) Robust structures
Well-binding manganese oxide nanoarrays have great robustness with more than 90% coating
remained after 10 h sonication.
(f) Preventing nanoparticles aggregation
Highly-ordered manganese oxide nanorod arrays can be grown on the surface of 3D cordierite
substrates, even filled the holes on the ceramic walls, without any aggregation of active
nanomaterials around corners causing uneven coating thickness.
(g) Promising processability
Applying additional hydrothermal reactions, various metal oxides (e.g. cobalt oxide, copper
oxide, nickel oxide, manganese oxide, and copper manganese oxide) with tunable thickness
and morphology can be coated upon the manganese oxide nanoarrays to promote physical and
chemical properties
(h) Core supporting
As a support or template, nanoarrays benefit the CuMn2O4 nanosheet coatings to maintain the
high surface area and avoid nanoparticles agglomeration.
(i) Removable active materials
All manganese oxide nanoarrays can be removed from honeycomb monoliths by simple oxalic
acid etching for recycling purpose.
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